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INTRODUCTION: 

The  purpose  of  this  Innovative  Idea  Grant  was  to  determine  whether  differences  in  the  microcirculation  were 
critical  determinants  in  the  development  of  metastatic  disease  in  breast  cancer.  The  research  was  based  on  a 
model  of  mammary  cancer  in  transgenic  mice  bearing  the  Polyoma  Virus  Middle  T  gene  (PyV-MT)  promoted  by 
the  MuMTV  LTR.  We  previously  observed  that  mice  with  the  wild  type  gene  developed  mammary  tumors  with 
pulmonary  metastasis  within  six  weeks  of  birth  (9) .  However,  mice  with  a  PyV-MT  construct  mutated  at  positions 
315  and  322  (Db-7)  developed  tumors  at  a  slower  rate  and  rarely  developed  metastasis  (8).  Transplantable 
tumor  hnes  were  developed  by  serial  transplantation  in  nude  mice  (7,8).  All  transplanted  tumors  from  the  wild 
type  PyV-MT  (Met-1)  developed  tumors  after  50  or  more  days  (8).  Only  10%  of  the  transplanted  Db-7  tumors 
developed  metastasis  (8).  The  pathologic  grade,  growth  rates,  and  microcirculation  of  the  metastatic  and  non¬ 
metastatic  tumors  were  compared.  The  microcirculation,  studied  using  computer  assisted  imaging  and  reverse 
epi-fluorescence,  proved  to  be  the  only  variable  that  correlated  with  the  metastatic  potential  of  the  tumors  (8) . 
The  microvascular  density  and  the  degree  of  vascular  tortuosity  (Tortuosity  Index)  were  the  only  significant 
variables. 

Cells  from  pulmonary  metastasis  from  each  of  the  lines  were  also  serially  passaged.  The  rare  metastatic  cells 
from  the  lungs  of  Db-7  mice  (pD)  proved  to  be  highly  metastatic  when  maintained  in  serial  transplant  as  did  the 
cells  from  Met-1  metastasis  (pMet).  The  pD  cells  and  the  pMet  cells  also  had  high  microvascular  density  and 
Tortuosity  Indices. 

OUR  HYPOTHESIS: 

Since  current  research  relates  the  microvascular  density  (MVD)  in  breast  cancer  to  prognosis  and  since 
metastatic  disease  is  the  most  important  source  of  mortality  in  breast  cancer,  some  investigators  have 
been  led  to  the  hypothesis  that  there  is  a  direct  relationship  between  the  MVD  and  the  development  of 
metastatic  disease  (Weidner  N:  Tumor  angiogenesis:  review  of  current  apphcations  in  tumor 
prognostication.  Semin  Diagn  Pathol  1993;  10:302-313.  Folkman  J:  Angiogenesis  in  cancer,  vascular, 
rheumatoid  and  other  disease.  Nature  Medicine  1995;  1:27-31. ). 

"...  new  experimental  evidence  lends  itself  to  a  hypothesis  that  says  that  the  majority  of  the  presenting 
patterns  of  metastases  may  be  dictated  by  the  intensity  of  angiogenesis  in  their  vascular  bed."  (Folkman  J: 
Angiogenesis  in  cancer,  vascular,  rheumatoid  and  other  disease.  Nature  Medicine  1995;  1:27-31.) 

What,  if  any,  are  the  relationships  between  the  metastatic  potential  of  a  mammary  cancer  and  the 
microcirculation?  We  hypothesized:  (a)  that  increased  angiogenesis  is  necessary  but  not  sufficient  for  increased 
metastatic  potential  and  (b)  that  certain  signal  transduction  pathways  are  essential  for  mammary  metastases 
(quite  possibly,  the  PI-3'  Kinase  pathway).  Are  (a)  angiogenesis  and  (b)  activation  of  the  PI-3'  Kinase  pathway 
independent  or  dependent  variables?  A  fundamental  understanding  of  the  metastatic  potential  of  breast  cancer 
requires  the  ability  to  discriminate  between  angiogenesis  and  critical  molecular  events  in  the  tumor  cells. 

The  goal  of  this  research  program  ws  to  determine  whether  or  not  changes  in  the  PyV-MT  activated 
pathways  in  mammary  cancers  leading  to  metastases  are  also  associated  with  changes  in  the  structure  and 
function  of  the  microcirculation. 

The  patterns  of  the  microcirculation  had  never  been  directly  compared  in-situ  in  Uving  animals  bearing 
metastatic  or  non-metastatic  mammary  tumors,  nor  had  the  angiogenic  patterns  been  direcdy  correlated  with  the 
molecular  biology  of  metastatic  disease.  Therefore,  an  animal  model  using  mammary  cancers  with  the  PyV-MT 
transgene,  was  developed  to  provide  the  first  level  separation  between  angiogenesis  and  the  related  molecular 
events  leading  to  metastasis. 

Our  transgenic  mouse  mammary  tumor  model  provides  the  molecular  and  biological  systems  required 
for  the  comparative  studies  of  metastatic  and  non-metastatic  Uimors  and  provides  well  controlled  conditions  for 
the  objective,  quantitative  computer-assisted  study  of  angiogenesis. 
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OUR  TECHNICAL  OBJECTIVES  AND  SPECIFIC  AIMS: 

We  proposed  to  continue  our  comparative  studies  in  the  model  system  using  the  following  Specific  Aims: 

1.  To  compare  and  contrast  the  microcirculation  of  mammary  tissues  with  benign  (normal),  high 
and  low  metastatic  potential  by  completing  our  in-situ  and  histological  quantitative  and 
quahtative  computer-assisted  comparisons. 

We  were  funded  to  complete  the  first  specific  aim.  The  funding  was  significantly  delayed  due  to  the  budget  crisis 
in  our  government.  The  first  aim  was  completed  and  is  reported  below.  However,  we  still  are  seeking  complete 
funding  for  the  following  specific  aims  which  are  designed  to  investigate  the  molecular  basis  for  our  model 
system.  (See  submitted  and  pending  grants) 

2.  To  identify,  characterize  and  clone  the  genes  expressed  in  association  with  the  metastatic 
process,  using  differential  display. 

3.  To  correlate  anomalous  microcirculation  with  the  expression  of  the  "metastatic"  genes  in 
mammary  transplants  with  benign  (normal),  high  and  low  metastatic  potential  using, 

A.  known  gene  transcripts  or  products  previously  associated  with  metastases  or  tumor 
progression  and, 

B.  new  gene  transcripts  or  products  developed  under  Specific  Aim  #2. 

The  purpose  of  this  Innovative  Idea  Grant  was  to  determine  whether  differences  in  the  microcirculation  were 
critical  determinants  in  the  development  of  metastatic  disease  in  breast  cancer.  The  research  was  based  on  a 
model  of  mammary  cancer  in  transgenic  mice  bearing  the  Polyoma  Virus  Middle  T  gene  (PyV-MT)  promoted  by 
the  MuMTV  LTR.  We  previously  observed  that  mice  with  the  wild  type  gene  developed  mammary  tumors  with 
pulmonary  metastases  within  six  weeks  of  birth  (9).  However,  mice  with  a  PyV-MT  construct  mutated  at  positions 
315  and  322  (Db-7)  developed  tumors  at  a  slower  rate  and  rarefy  developed  metastases  (8).  Transplantable 
tumor  lines  were  developed  by  serial  transplantation  in  nude  mice  (7,8).  All  transplanted  tumors  from  the  wild 
type  PyV-MT  (Met-1)  developed  tumors  after  50  or  more  days  (8).  Only  10%  of  the  transplanted  Db-7  tumors 
developed  metastases  (8).  The  pathologic  grade,  growth  rates,  and  microcirculation  of  the  metastatic  and  non¬ 
metastatic  tumors  were  compared.  The  microcirculation,  studied  using  computer  assisted  imaging  and  reverse 
epi-fluorescence,  proved  to  be  the  only  variable  that  correlated  with  the  metastatic  potential  of  the  tumors  (8) . 
The  microvascular  density  and  the  degree  of  vascular  tortuosity  (Tortuosity  Index)  were  the  only  significant 
variables.  Cells  from  pulmonary  metastases  from  each  of  the  lines  were  also  serially  passaged.  The  rare 
metastatic  cells  from  the  lungs  of  Db-7  mice  (pD)  proved  to  be  highly  metastatic  when  maintained  in  serial 
transplant  as  did  the  cells  fi’om  Met-1  metastases  (pMet).  The  pD  cells  and  the  pMet  cells  also  had  high 
microvascular  density  and  Tortuosity  Indices. 


BODY: 

Metastasis  is  the  major  cause  of  death  in  breast  cancer.  The  small  blood  vessels  (microcirculation)  inside  tumors 
have  been  correlated  with  the  tendency  for  human  breast  cancers  to  spread  (metastasis) .  However,  these  studies 
are  retrospective,  involving  guilt  by  association.  The  hypothesis  that  blood  vessels  are  the  critical  variables  had  not 
been  tested  in  an  experimental  model.  In  order  to  determine  the  importance  of  the  microcirculation,  we 
developed  two  closely  related  transplantable  mouse  mammary  tumors.  One  tumor  (Met-1)  metastasizes  all  of  the 
time  (100%).  The  other  tumor  (Db-7)  rarefy  metastasizes  (>10%)  The  microcirculation  was  visualized,  studied 
and  filmed  inside  the  tumor  using  the  live  animal  with  a  unique  illumination  technique  that  allowed  detailed, 
computer-assisted  measurements.  The  small  vessels  inside  the  highly  metastatic  tumors  were  more  complex  than 
those  inside  the  low  metastatic  tumors.  When  the  low  metastatic  Db-7  tumor  became  metastatic,  the 
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microvascular  complexity  also  increased.  Other,  more  traditional  measures  of  the  metastatic  potential,  were 
smdied.  The  complexity  of  the  microcirculation  proved  to  be  the  only  variable  that  predicted  whether  a  tumor 
would  metastasize.  This  model  system  and  these  techniques  should  permit  us  to  smdy  and  understand  how  the 
metastases  can  be  stopped  by  altering  the  microcirculation.  The  illumination  technique  may  provide  an  approach 
for  visualizing  the  microcirculation  in  human  breast  cancer. 

Details  of  recent  research  on  Met-1  (metastatic  mammary  tumor)  and  Db-7  (low-metastatic  mammary  tumor) 
are  provided  in  References  #5  and  #6  attached  to  this  document.  In  studying  the  metastatic  potential  of  Met-1 
and  Db-7,  we  have  shown  that  only  10%  of  the  transplanted  Db-7  mammary  tumors  developed  metastasis,  while 
100%  of  transplanted  Met-1  mammary  tumors  developed  metastasis. 

In  this  DOD  project,  we  transplanted  Db-7  mrnor  cells  that  were  harvested  from  the  rare  pulmonary  metastases 
(referred  to  as  PD  for  pulmonary  metastasis  of  Db-7)  into  donor  mice.  A  transplant  line  of  tumors  (PD)  were 
then  evaluated  for  their  metastatic  potential  and  microvascular  characteristics,  using  the  same  methodology 
described  in  (6).  14  of  17  (82.4%)  transplanted  PD  tumors  developed  pulmonary  metastasis  and  in  a  shorter 
time  period  than  even  the  MET-1  tumors.  Thus,  the  cells  from  the  pulmonary  metastases  from  the  low  metastatic 
potential  Db-7  developed  into  highly  malignant,  metastasizing  cells. 

The  microvessel  density  of  the  transplanted  PD  tumors  were  studied  in  comparison  with  Met-1  and  Dh-7.  A 
significant  difference  (P=1.73E-08)  in  the  microvessel  density  existed  between  PD  and  Db-7  tumors,  with  the  PD 
microcirculation  showing  relatively  similar  (P=0.6l57)  microvessel  density  to  Met-1.  The  microvessel  densities 
of  17  PD  tumors,  in  comparison  with  Met-1  and  Db-7,  are  tabulated  as  follows: 


See  Table-I  &  Table-II  in  attachment. 


The  microcirculation  in  PD  tumors  also  differed  significantly  (P=1.2E-04)  from  Db-7,  showing  a  high  degree  of 
vessel  tortuosity  which  was  similar  to  Met-1,  with  an  average  Tortuosity  Index  of  0.4710.15  in  10  PD  tumors 
studied  (Met-1:  0.4110.1;  Db-7: 0.7810.12). 

In  summary,  changes  have  occurred  in  PD  -  the  microvessel  density  and  vessel  tortuosity  characteristics  of  PD 
differed  significantly  from  Db-7.  In  addition,  PD  tumors  are  highly  metastatic  (82.4%)  as  opposed  to  the  low 
metastatic  potential  (10%)  of  Db-7. 

CONCLUSIONS: 

These  experiments  show  experimentally  for  the  first  time  that  the  microvascular  circulation  is  a  critical 
prognostic  variable  in  determining  the  rate  of  metastases.  They  verify  the  clinical  observations  in  human  breast 
cancer  and  provide  a  model  system  for  correlating  the  changes  in  microcirculation  with  the  cell  and  molecular 
biology  and  angiogenesis.  This  model  system  is  very  promising  since  it  has  proven  to  be  a  very  effective  model  for 
the  study  of  angiogenesis  in  breast  cancer.  Furthermore,  since  the  fundamental  molecular  biology  is  well 
understood,  this  model  may  provide  important  molecular  clues  to  the  pathways  that  are  critical  in  angiogenesis 
and  metastasis.  Our  work  has  attracted  the  attention  of  other  investigators  and  has  led  directly  to  additional  grant 
applications. 

The  research  sponsored  by  the  U.S.  Army  has  lead  to  four  abstracts  (1-4),  two  papers  (5,6)and  one  paper 
submitted  (7) .  More  important  these  studies  have  stimulated  the  submission  of  three  new  grants  submitted  to 
the  U.S.  Army  (see  below)  and  two  others  that  are  in  preparation  for  submission  to  the  National  Cancer  Instimte. 
The  Principle  Investigator  appreciates  the  financial  support  that  has  led  to  new  avenues  of  investigation. 
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TABLE  I 


Db-7  (low-metastatic  potential)  PD  (experimental) 

Metastasis?  Metastasis? 


#  Ref.  #  Days  Post  Tx  lOOx 

200x 

(YorN) 

# 

Ref.  #  Days  Post  Tx  lOOx  200x 

(YorN) 

1  2427 

14 

15 

8 

N 

1 

2643 

14 

Y 

2  2428 

14 

18 

12 

N 

2 

2645 

18 

N 

3  2431 

14 

9 

6 

N 

3 

2603 

15 

Y 

4  2393 

15 

20 

9 

N 

4 

2646 

14 

Y 

5  2486 

24 

12 

8 

N 

5 

2624 

18 

Y 

6  2396 

25 

23 

8 

N 

6 

2602 

9 

Y 

7  2472 

32 

6 

6 

N 

7 

2644 

10 

Y 

8  2568 

33 

9 

N 

8 

2606 

16 

Y 

9  2569 

33 

9 

N 

9 

2718 

26 

Y 

10  2421 

34 

9 

4 

Y 

10 

2719 

29 

Y 

11  2403 

42 

20 

9 

Y 

11 

2720 

21 

Y 

12  2405 

42 

10 

6 

N 

12 

2721 

31 

Y 

13  2452 

44 

4 

2 

N 

13 

2722 

26 

Y 

14  2453 

44 

9 

6 

N 

14 

2723 

24 

Y 

15  2395 

45 

20 

17 

N 

15 

2724 

17 

N 

16 

2725 

21 

N 

17 

2678 

29 

Y 

t-test:  Db-7  vs.  PD  (200x) 

Db-7  PD 

Mean  7.8  19.88235 

Variance  12.3142857  45.23529 

Observations  15  17 

t-test  (P  Value,  2  tail)  1.732E-08 
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TABLE  II 


Db-7  (low-metastatic  potential)  PD  (experimental) 

Metastasis?  Metastasis? 


# 

Ref.  #  Days  Post  Tx  lOOx 

to 

0 

(YorN) 

# 

Ref.  #  Days  Post  Tx  lOOx  200x 

(YorN) 

1 

2626 

31 

32 

18 

N 

1 

2643 

14 

Y 

2 

2627 

31 

37 

21 

N 

2 

2645 

18 

N 

3 

2495 

37 

21 

19 

N 

3 

2603 

15 

Y 

4 

2497 

37 

25 

19 

Y 

4 

2646 

14 

Y 

5 

2498 

37 

22 

17 

Y 

5 

2624 

18 

Y 

6 

2397 

44 

45 

43 

Y 

6 

2602 

9 

Y 

7 

2366 

45 

45 

24 

Y 

7 

2644 

10 

Y 

8 

2477 

45 

41 

19 

N 

8 

2606 

16 

Y 

9 

2478 

45 

37 

14 

Y 

9 

2718 

26 

Y 

10 

2561 

46 

22 

19 

N 

10 

2719 

29 

Y 

11 

2374 

49 

26 

Y 

11 

2720 

21 

Y 

12 

2376 

49 

44 

19 

Y 

12 

2721 

31 

Y 

13 

2359 

50 

25 

13 

Y 

13 

2722 

26 

Y 

14 

2345 

64 

13 

Y 

14 

2723 

24 

Y 

15 

2432 

77 

80 

51 

Y 

15 

2724 

17 

N 

16 

2433 

77 

22 

7 

Y 

16 

2719 

29 

N 

17 

2434 

77 

48 

19 

Y 

17 

2720 

21 

Y 

18 

2435 

77 

36 

34 

Y 

19 

2377 

91 

56 

30 

Y 

20 

2473 

91 

20 

15 

Y 

21 

2474 

91 

14 

10 

Y 

22 

2352 

38 

18 

N 

t-test:  Db-7  vx.  PD  (200x) 

Met-1  PD 

Mean  21.2727273  19-88235 

Variance  107-350649  45.23529 

Observations  22  17 


t-test  (P  Value,  2  tail) 


0.61570706 
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SUMMARY 


High-metastatic  potential  [MeM]  and  low-metastatic  potential  [Db-7]  breast  tumors  have 
been  established  as  an  experimental  platform  for  angiogenesis  (intratiunoral  microvessel 
density  [MVD]),  microcirculation  and  metastasis  research.  With  die  utilization  of  computer- 
assisted  intravital  microscopy  and  histopathology/immuno-histochemistry  procedures,  it  has 
been  revealed  that  angiogenesis  is  a  significant  variable  in  the  metastatic  process.  The  tumor 
microcirculation  of  Met- 1  is  complex  ^d  heterogeneous,  and  the  internal  microvesscls 
exhibit  tortuous  paths.  Microvessel  tortuosity  (measured  as  Tortuosity  Index  [TI])  is  a  unique 
intratiunoral  feature.  The  TIs  (Met-l:  0.41  ±0.0  l/Db-7:  0.78±0.02;  P<0.0001)  are  highly 
significant  measurements  and  TI  for  .Met- 1  correlates  with  a  high  MVD  (20.2±9.7 
microvessels/200x  field  &  32.6±12.9  microvessels/ lOOx  field)  and  a  high  metastatic  rate 
(12/14)  in  the  Met-l  high-metastatic  potential  breast  tumors,  using  the  low  MVD  (7.6±3.7 
microvessels/200x  field  &  13,5±6.2  microvessels/lOOx  field)  and  low  metastatic  rate  (2/13)  of 
Db-7  as  low-metastatic  potential  control. 


INTRODUCTION 

Angiogenesis  and  microcirculation  play  a  vital  role  in  the  development  and  growth  of  solid 
tumors  (1,2).  Since  metastatic  disease  is  the  major  source  of  mortality  in  human  breast  tumor 
patients,  one  is  led  to  assume  that  there  is  a  direct  relationship  between  angiogenesis  and 
metastasis.  Indeed,  current  concepts,  including  the  seminal  worics  of  Weidner,  Folkman,  et 
al,  suggest  a  strong  correlation  between  angiogenesis  and  prognosis  in  human  breast  tumor 
patients  (3,4),  although  there  has  been  no  direct  evidence  to  link  angiogenesis  with  metastasis. 
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mcc  It  IS  neither  ethical  nor  feasible  to  work  directly  with  human  patients,  the  development 
of  high*mctastatic  and  low-mctastatic  potential  tumor  models  and  new  in  vivo  technologies  to 
objectively  study  angiogenesis  and  metastasis  is  warranted. 

Two  tr^splantable  breast  tumor  lines  (Met- 1/high  metastatic  potential  and  Db-7/low- 
mctastatic  potential),  from  Polyoma  Virus  Middle-T  [PyV-MT]  transgenic  breast  tumors, 
have  been  established  in  the  nude  mice  as'  an  experimental  platform  for  this  study.  We  have 
toher  developed  new  tcclmologics  in  computer-assisted  intravital  microscopy  and 
histopathologyrimmuno-histochemistry  to  videotape  the  microcirculation  inside  the  solid 
tumor(s)  and  to  study  intratumoral  characteristics,  including  microcirculation  organization 
microvcssel  tortuosity  and  microvessel  density  [MVD].  The  results  are  correlated  directly 
with  met^tasis  in  Ac  same  animals  studied.  We  hypoAesizc  Aat  complex  microcirculation 
organization  and  microvessel  tortuosity  arc  unique  intratumoral  features  in  metastatic  tumors. 
Our  goal  is  to  confirm  the  exclusive  presence  of  Aese  microvascular  characteristics  in  Mct-1, 
their  absence  in  Db-7,  and  Aat  Aey  can  be  used  to  correlate  and  explain  Ac  high  MVD 
identified  by  Weidner  for  human  breast  tumor  prognosis.  The  significance  of  this  project  is 
underscored  by  Ae  ability  to  evaluate  microvessel  tortuosity  and  MVD  (angiogenesis)  in 
tumor  tissues  and  to  link  Ais  data  wiA  pulmonary  metastasis  in  Ac  same  animals. 


MATERIALS  AND  METHODS 


j  Animal  Model.  Femafe'aAymic  (BALB/c  nu/nu)  nude  mice,  5-6  weeks  old.  were  used.  Met- 
i  1  and  Db-7  breast  tumors  were  transplanted  into  Ae  fat  pads  {orthotopic  site)  of  nude  mice  to 
serve  as  model  for  microcirculation  and  MVD  studies. 

Met-1  (high-metastatic  DotentiaH  breast  tumor  line.  This  tumor  line  was  derived  from  Ae 
PyV-MT  transgenic  colony  at  Dr.  Muller’s  Institute  for  Molecular  Biology  and  Technology  at 
McMaster  University,  Hamilton.  Ontario,  Canada,  Breast  tumor  cells  containing  Ac  PyV-MT 
transgene  were  used  to  initiate  this  transplantable  Met- 1  line  in  nude  mice.  The  resulting 
Met- 1  high-metastatic  potential  breast  tumor  line  has  now  passed  transplantation  generation 
#  1 5  in  Ais  laboratory. 

Db:7  (low-metastatic  potential)  breast  tumor  line.  This  tumor  line  was  also  derived  from  Ae 
PyV-MT  transgenic  colony  at  McMaster  University.  This  transplantable  line  resulted  from  a 
double  base  mutation  at  positions  3 15  and  322  and  has  now  passed  transplantation  generation 
fil5.  Because  of  its  low-metastatic  potential,  it  was  utilized  as  control  for  Met-1  in 
microvessel  tortuosity,  MVD  (angiogenesis)  and  metastasis  studies. 

Establishment  of  Ae  Met-1  and  Db-7  animal  models.  Pieces  of  Met- 1  or  Db-7  tumors  were 
transplanted  into  Ae  4A  inguinal  mammary  fat  pads  of  recipient  nude  mice  to  establish  Ae 
tumor  models  for  research  use.  Each  host  nude  mouse  was  anacsAcsized  wiA  IP  sodium 
pentobarbital  (60mg/Kg).  A  l.5-cm  midline  incision  was  made  on  Ac  ventral  wall,  midway 
between  Ae  #4  nipples  of  Ae  inguinal  mammary  glands.  The  incision  was  furAcr  extended 
to  reach  Ae  #5  nipples.  The  skin  flaps  were  retracted  to  expose  Ae  W  fat  pads  undemcaA 
the  nipples.  A  l-mm^  piece  of  Ac  tumor  (Met- 1  or  Db-7)  was  transplanted  wiA  a  45°  angled 
jeweller’s  forcep  into  an  intact  fat  pad  {orthotopic  site)  and  Ac  skin  flaps  were  closed  wiA  9- 
mm  wound  clips. 

Computer-assisted  intravital  microscopy  (Intravital  microscope  system  on-line  with  data 
Quantitation/ima2int[  system). 

Intrmntal  microscope  system.  An  intravital  microscope  system  was  built  for  this  study.  Its 
design  was  based  on.  and  adapted  substantially  from,  a  previous  prototype  (5).  WiA  Ae 
tumors  exposed  by  releasing  Ac  wound  clips,  Ac  intratumoral  microcirculation  of  Met- 1  and 
Db-7  were  videotaped  under  intravital  conditions.  Upon  completion  of  microscopy,  Ae 
animals  were  sacrificed  and  Ac  primary  tumors  were  processed,  sectioned  and  stained  (H&E 
and  a-actin)  for  MVD  evaluation. 

Data  quantitation/imaging  system.  Data  quantitation  was  conducted  by  computer-assisted 
image  analysis  wiA  in-house  developed  software.  Videotape  sequences  of  -.Ae 
microcirculation  of  Mct-1  and  Db-7  were  selected,  coded  and  blindly  quantitated  for 
morphometric  and  microvascular  characteristics. 
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Metastasis  Bvaluation.  The  metastatic  capability  of  Mcl-l  and  Db-7  was  evaluated  by 
histopatliology.  The  lungs,  liver,  spleen,  brain,  kidneys  and  lymph  nodes  of  all  the  animals 
were  collected  and  studied  grossly.  The  organs/tissucs  were  subsequently  processed, 
sectioned  (4-fim),  stained  (H&E)  and  scored  for  metastasis  by  a  pathologist. 

Microvesscl  density  fMVDI  evaluation.  The  primaiy  tumor  (Mct-1  or  Db-7)  was  processed 
for  histopathology  study.  Four  pm  sections  were  cut  and  immuno-stained  for  a-actin.  Anti- 
a-actin  antibodies  were  applied  to  the  4rpm  sections  at  1:200  dilution  and  counter-stained 
using  standard  immunoperoxidase  staining  procedure.  Each  stained  slide  was  scanned  and 
examined  under  liglit  microscopy  at  lOOx  to  identify  MVD  “hot-spots”,  stained  cross-sections 
of  microvessel  cluster(s)  or  angiogenic  microvesscls.  Upon  identification,  the  number  of 
stained  cross-sections  and/or  microvessels  was  counted.  The  magnification  was  switched  to 
200x  and  the  number  of  “hot-spots”  was  again  counted.  The  MVD  for  each  tumor  was  scored 
as  the  number  of  microvessels  per  field  (200x  and  lOOx)  for  each  tumor. 

Vessel  tortuosity  evaluation.  Videotapes  were  viewed  and  video  sequences  containing  well- 
resolved  microvessels  were  selected  and  coded  for  subsequent  analysis.  One  frame  of  the 
microcirculation  from  each  selected  sequence  was  grabbed  and  digitized  with  the  assistance 
of  an  on-line  imaging  board  (frame-grabber).  Two  arbitrary  points  were  marked  on  the  on¬ 
screen  image  of  the  microvessel  being  evaluated.  Via  computer-assisted  image  analysis,  the 
direct  (shortest)  length  between  the  two  points  was  measured.  The  actual  length  of  the 
meandering  microvessel  from  one  point  to  the  other  was  also  measured.  The  Tortuosity  Index 
[TI],  an  indicator  of  the  tortuosity  (curvature)  of  the  microvessel,  was  calculated  as  the 
shortest  length  betv'een  two  points  in  the  microvessel  divided  by  the  actual  length  of  the 
meandering  microvessel  between  the  same  two  points. 

Statistics.  Changes  in  variables  were  analyzed  using  ANOVA  and  Student’s  T-test  whenever 
appropriate.  A  0.05  significance  level  was  used. 


RESULTS 


Met- 1  and  Db-7  transplantations  into  fat  pads  of  nude  mice  were  successful  in  all  cases. 
Angiogenesis  staned  2-3  days  post-transplantation  in  both  Met-1  and  Db-7  breast  tumors. 
Angiogenesis  and  microcirculation  development  progressed  rapidly  in  a  similar  manner  in 
both  tumor  lines  for  6-7  days.  The  external  (surface)  microcirculation  of  Met-1  and  Db-7  was 
similar  throughout  this  study  (2-23  days).  However,  significant  differences  in  the 
intratumoral  (internal)  microcirculation  between  Met-1  and  Db-7  started  to  appear  6-7  days 
post-transplantation.  Angiogenic  development  occurred  more  rapidly  in  Met-1  and  the 
intratumoral  microcirculation  became  complex  and  heterogeneous.  In  addition,  the 
intratumoral  micro  vessels  in  Met- 1  became  extremely  tortuous.  The  Db-7  microcirculation, 
though  also  heterogeneous,  was  less  dense  and  poorly  organized.  In  addition,  Db-7  internal 
microvessels  were  relatively  non-tortuous  in  their  paths. 

Metastasis.  The  metastatic  rate  for  Met-1  (12/14;  85.8%)  differed  significantly  (P<0.0001) 
from  Db-7  (2/13;  15.4%).  In  all  the  animals  investigated,  metastatic  foci  were  only  found  in 
the  lungs. 

Intratumoral  microvesscl  density  fMVDI  fanciogenesis).  Intratumoral  angiogenic 
microvessels  were  identified  by  immuno-staining.  Microvessel  distribution  inside  Met-1  and 
Db-7  were  heterogeneous  and  MVD  “hot-spots”  (clusters)  were  present  in  some  areas  but 
absent  in  other  areas.  However,  as  a  rule,  whenever  “hot-spots”  were  located  and  scored,  the 
MVD  was  significantly  higher  (P<0.0001)  in  Met-l  (20.2±9.7  microvessels/200x  field; 
32.6±12.9  microvessels/ lOOx  field)  than  in  Db-7  (7.6±3.7  microvessels/200x  field;  13.5+6.2 
microvessels/ lOOx  field). 

Tortuosity.  Tortuosity  for  all  intratumoral  microvessels  was  expressed  as  a  Tortuosity  Index 
[TI].  The  microvessels  in  Met-1  were  extremely  tortuous  (TI=0.41±0.0l)  and  differed 
significantly  (P<0.0001)  from  the  relatively  non-tortuous  microvessels  in  Db-7 
(n=0.78±0.02). 
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CONCLUSIONS 

This  project  has  demonstrated  that  angiogenesis  is  indeed  a  significant  variable  in  the 
metastatic  process.  We  have  documented  that  microvcssel  tortuosity  is  a  unique  intratumoral 
feature  and  that  tlie  Tortuosity  Index  for  a  tumor  (c.g.  Mct-1)  is  highly  significant  and 
correlates  with  intratumoral  M\^  (angiogenesis)  and  metastasis  in  the  same  animal(s).  Tlie 
microvcssel  tortuosity  in  Met- 1  can  also  explain  tlie  high  MVD  in  metastatic  solid  tumors  as 
the  abund^cc  of  “hot-spots”  may  represent  the  result  of  histological  sectioning  across  highly 
tortuous  (instead  of  straight)  microvcssels.  This  study  quantitatively  validates  the  utilization 
of  MVD  as  a  prognostic  marker  for  breast  tumor  metastasis  in  nude  mice  and  the  results  can 
be  extrapolated  for  human  interpretation. 
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Abstract.  Two  new  metastatic  mouse  mammary  tumor  trans¬ 
plant  lines  have  been  established  in  nude  mice.  The  Met-1 
line,  with  the  polyoma  virus  middle  T  (PyV-MT)  transgene, 
metastasized  with  100%  efficiency.  The  Db-7  line,  expressing 
a  PyV-MT  transgene  mutated  at  positions  315  and  322, 
metastasized  with  8.8%  efficiency.  Histology  and  computer- 
assisted  intravital  microscopy  demonstrated  that  internal  micro- 
circulation  in  Met-1  was  more  complex  than  Db-7;  Met-1 
exhibited  higher  microvessel  density  and  tortuosity  (P<0.0001). 
These  indices  of  micro  vascular  complexity  correlated  with 
the  higher  Met-1  metastatic  rate  (P<0.0001).  These  two 
transplantable  lines  will  be  useful  for  investigating  the  complex 
relationship  between  angiogenesis  and  metastasis. 

Introduction 

Angiogenesis  and  microcirculation  play  a  vital  role  in  the 
development,  growth  and  metastasis  of  tumors  (1-4).  The 
pathophysiology  of  tumor  angiogenesis  was  first  delineated 
experimentally  by  Coman  and  Scheldon  (2),  Gullino  and 
Grantham  (3).  The  field  of  tumor  angiogenesis  was  later 
expanded  by  a  number  of  investigators  who  showed  that 
transplanted  tumors  could  not  grow  without  angiogenic 
vessels  and  subsequent  established  microcirculation  (4-10). 
Neovascularization  was  essential  for  supplying  nutrients  and 
oxygen,  and  the  removal  of  waste  products,  during  tumor 
growth  and  development.  The  literature  on  microvascular 
morphology,  angiogenesis  and  the  tumor  microcirculation 
has  been  extensively  reviewed  (1,6-18).  The  discovery  of 
angiogenic  and  anti-angiogenic  factors  has  raised  intriguing 
and  far-reaching  therapeutic  possibilities  (19-21). 
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Successful  treatment  of  human  breast  cancer  depends  on 
limiting  metastatic  dissemination  of  the  primary  tumor.  The 
development  of  appropriate  treatment  protocols  could  be 
assisted  by  the  development  of  relevant  animal  tumor  models 
to  study  the  relationship  between  tumor  growth,  metastasis, 
and  other  factors  affecting  tumor  progression,  such  as  angio¬ 
genesis  and  tumor  microcirculation.  However,  few  animal 
models  of  mammary  tumor  metastasis  are  available  which 
lend  themselves  to  the  direct  and  simultaneous  study  of  the 
critical  factors. 

The  concepts  of  tumor  angiogenesis  and  microcirculation 
have  been  primarily  based  on  tumors  transplanted  into  readily 
observable  ectopic  sites,  including  subcutaneous  tissues,  eye 
chamber,  rodent  dorsal  skin-window,  rodent  transplant  chamber 
and  rodent  cranial-window  (3-5,22-24).  These  studies  have 
been  limited  by  focusing  exclusively  on  the  surface  (external) 
microcirculation  of  tumors  transplanted  at  ectopic  sites  and 
by  short  observation  times  of  tumor  growth  and  angiogenesis. 
Further,  most  human  breast  cancers  do  not  metastasize  when 
transplanted  into  animal  models.  Even  transplants  from 
metastatic  foci  rarely  metastasize  after  transplantation  (25-30). 
Thus,  the  nature  of  the  microcirculation  inside  the  tumors 
during  the  time  that  metastasis  is  actually  occurring  has  not 
been  adequately  studied. 

Recent  histological  studies  showing  high  intratumoral 
microvessel  density  (MVD)  (microvessel  hot  spots)  inside 
primary  breast  cancers  have  highlighted  the  need  for  new 
approaches  to  the  study  of  the  microcirculation  inside  solid 
breast  tumors  (13-16).  These  studies  have  noted  an  association 
between  high  MVD  inside  the  tumor  and  poor  prognosis  in 
human  breast  cancer  (13-16).  However,  a  direct  relationship 
between  MVD  and  metastasis  has  not  been  experimentally 
established. 

To  address  the  limitations  inherent  in  the  previous  studies, 
we  developed  an  effective  computer  assisted  intravital 
microscope  (CAIM)  to  study  the  in  vivo  relationships  between 
angiogenesis,  internal  microcirculation,  MVD  and  metastasis 
in  a  new  mammary  tumor  model  of  metastasis.  First,  highly 
metastatic  (Met-1)  and  low  metastatic  (Db-7)  mammary 
tumor  lines,  from  polyoma  virus  middle  T  (PyV-MT)  trans¬ 
genic  mammary  tumors,  were  established  by  orthotopic  trans- 
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plantation  into  the  mammary  fat  pad.  The  Met-1  line  was 
developed  from  tumors  arising  in  transgenic  mice,  and  the 
Db-7  line  was  developed  from  tumors  in  transgenic  mice 
expressing  a  PyV-MT  transgene  mutated  at  sites  315  and  322 
(31-33).  Secondly,  a  CAIM  using  reverse  epi-fluorescence 
illumination  was  developed  to  quantitate  the  intratumoral 
microcirculation.  The  CAIM  documented  the  differences 
between  the  microcirculation  of  Met- 1  and  Db-7.  The  degree 
of  tortuosity  and  high  MVD  of  the  internal  microcirculation 
proved  to  be  indices  that  correlated  with  the  extremely  high 
metastatic  rate  (100%)  in  Met-1  and  differed  significantly 
from  the  low  tortuosity,  low  MVD  and  low  metastatic  rate 
(8.8%)  in  Db-7. 

Materials  and  methods 

Materials:  animals.  Female  athymic  nude  mice  (BALB/c 
nu/nu),  5-6  weeks  old,  were  used.  They  were  purchased  from 
Simonsen  (Gilroy,  CA),  Charles  River  (Wilmington,  MA), 
B&K  Universal  (Freemont,  CA)  and  Taconic  (Germantown, 
NY)  Laboratories.  The  transplanted  Met-1  and  Db-7  tumors 
developed  well  in  all  nude  mice  used,  regardless  of  vendor  or 
origin.  All  experimental  nude  mice  were  housed  in  a  laminar 
flow  cabinet,  given  sterile  water  and  fed  ab  libitum. 

Metastatic  polyoma  virus  middle  T  transgenic  (Met- 1) 
mammary  tumor  line.  Mammary  tumor  cells  containing  the 
PyV-MT  transgene  under  the  transcriptional  control  of  the 
MMTV  LTR  promoter  were  used  to  initiate  transplantable 
metastatic  Met-1  lines  in  nude  mice  (31).  The  PyV-MT  trans¬ 
genic  mammary  tumor  cells  were  derived  from  mammary 
tumors  from  the  transgenic  FVB  colony  at  the  Institute  for 
Molecular  Biology  and  Biotechnology,  McMaster  Univer¬ 
sity,  Hamilton,  Ontario,  Canada.  Mammary  tumors  were 
collagenase/dispase  (Worthington,  Freehold,  NJ)  processed, 
and  a  bolus  inoculum  of  5x1  (P  cells  per  100  jil  were  trans¬ 
planted  subcutaneously  via  syringe  and  a  25-gauge  needle 
into  the  thoracic  region  of  recipient  nude  mice. 

The  resulting  metastatic  PyV-MT  transgenic  mammary 
tumor  line  was  maintained  by  serial  transplantation  of  1-2  mm^ 
tumor  segments,  and  is  now  in  transplantation  generation 
No.  26.  Tumor  tissues  for  experimental  use  were  transplanted 
into  the  intact  inguinal  fat  pads  (orthotopic  site)  or  sub¬ 
cutaneously  (ectopic  site)  of  female  nude  mice  for  comparison. 
Sodium  pentobarbital  (Nembutal,  Abbott  Laboratories)  given 
intraperitoneal  (IP)  at  60  mg/kg  was  used  as  anesthesia 
during  tumor  transplantation  and  removal.  Met-1  tumors 
were  used  to  develop  a  cell  culture  line  which  is  currently  in 
passage  No.  25.  Growth  size  of  the  tumors  over  time  was 
determined  by  daily  caliper  measurements. 

Low-metastatic  polyoma  virus  middle  T  transgenic  (Db-7) 
mammary  tumor  line.  The  low  metastatic  Db-7  mammary 
tumor  line  was  developed  in  the  same  manner  as  the  Met-1 
line.  The  Db-7  tumor  line  arose  in  FVB  mice  with  the  PyV-MT 
transgene  containing  a  double  base,  site-directed  point 
mutations  at  positions  1194  and  1215,  resulting  in  A-T 
transversions  (substituting  a  phenylalanine  for  tyrosine  at 
each  residue),  and  corresponding  to  amino  acids  315  and  322 
respectively.  The  Db-7  line  was  maintained  as  described  for 


the  Met-1  line,  and  has  now  passed  transplantation  generation 
No.  19.  Transplantation  of  Db-7  tumors  in  nude  mice  was 
conducted  in  the  same  manner  as  in  Met-1.  A  Db-7  cell  culture 
line  was  also  developed  and  is  currently  in  passage  No.  44. 

Establishment  of  the  mammary  tumors  in  animals.  For  tumor 
establishment,  pieces  of  Met-1  or  Db-7  tumors  (or  tumor 
tissues)  were  transplanted  into  the  4th  inguinal  mammary  fat 
pads  of  the  recipient  nude  mice.  Each  recipient  mouse  was 
anesthetized  with  IP  sodium  pentobarbital  (60  mg/kg).  A 
1.5-cm  mid-line  incision  was  made  on  the  ventral  wall, 
midway  between  the  No.  4  nipples  of  the  inguinal  mammary 
glands.  The  incision  was  further  extended  to  reach  the  No.  5 
nipples.  The  skin  flaps  were  retracted  to  expose  the  underlying 
No.  4  fat  pads.  A  1-mm^  piece  of  the  tumor  or  tissue  was 
transplanted  with  a  pair  of  45*  angled  jeweler’s  forceps  into 
an  intact  fat  pad  (orthotopic  site)  for  study.  For  ectopic  site 
comparison,  transplantation  of  the  1-mm^  piece  of  the  tumor 
or  tissue  was  conducted  at  the  exposed  subcutaneous  tissue 
away  from  the  fat  pads.  The  skin  flaps  were  closed  with  9-mm 
wound  clips  after  transplantation. 

Polymerase  chain  reaction/PyV-MT  transgene  confirmation. 
The  presence  of  the  PyV-MT  transgene  in  the  Met-1  and  Db-7 
tumors  was  determined  by  polymerase  chain  reaction  (PCR) 
of  cells  obtained  from  the  original  tumor  tissues,  the  resulting 
tumors,  and  cells  from  every  other  transplant  generation.  The 
PCR  primers  were  (5'-ATA  GAG  TTC  TGA  GCA  GAG- 3’) 
corresponding  to  positions  193-210  of  PyV,  and  (5'-CGT 
TGT  ATC  TCT  CGA  GTT-3')  corresponding  to  positions 
592-575  of  PyV  (Genbank  No.  J02289). 

Equipment:  intravital  microscopy.  The  intravital  microscope 
system  was  specifically  designed  and  built  for  this  project.  Its 
design  was  based  on,  and  modified  substantially  from,  a 
previous  prototype  developed  earlier  in  this  laboratory  for  the 
evaluation  of  diabetic  nailfold  microangiopathy  (34,35). 
Olympus  optical  elements  (Scientific  Instrument  Company, 
Sunnyvale,  CA)  were  used  in  the  fabrication  of  the  intravital 
microscope  system.  The  light  source  consisted  of  a  DC  mercury 
burner,  and  the  intravital  microscope  was  equipped  with  epi- 
brightfield  and  epi-fluorescence  illumination  capabilities.  The 
infinity-corrected  optical  elements  were  assembled  in  a 
metallurgical  microscope  body  which  was  anchored  to  a  heavy 
granite  base  by  a  steel  post  attachment.  A  FOR-A  model  No. 
VTG-33  video-timer  was  installed  for  on-screen  digital  time 
display.  Tumor  microcirculation  was  videotaped  with  a 
high-resolution  COHU  model  No.  6415-3000  CCD  video¬ 
camera.  The  intravital  procedure  was  adapted  from  a  reverse 
epi-fluorescence  illumination  technique  which  was  originally 
developed  in  this  laboratory  for  the  in  vivo  investigation  of 
choledochoduodenal  junction  motility  and  gallstone  formation 
in  the  guinea  pig  (36,37). 

Data  quantitation.  Data  quantitation  was  conducted  by 
computer-assisted  image  analysis  procedures  with  the 
application  of  VASCAN,  an  in-house  developed  imaging 
software  (37).  The  intravital  microscope  system  was  put  on 
line,  via  the  video-recorder,  with  the  computer-assisted 
imaging  system.  Objective  quantitation  could  be  conducted 
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Figure  2.  Two  selected  views  of  the  internal  microcirculation  of  Db-7  videotaped  under  intravital  microscopy  (magnification:  xl50).  A,  A  view  of  the  internal 
microcirculation  in  Db-7  13-days  post-transplantation.  Note  the  difference  in  organization  pattern  compared  with  Met-1  (Fig.  ID  and  F).  B,  A  view  of  the 
internal  microcirculation  in  Db-7  23-days  post-transplantation.  Note  the  relatively  straight  paths  and  the  paucity  of  vasculature. 


spaces  inside  the  tumor  mass.  As  a  result,  the  intratumoral 
microvessels  appeared  as  crisp  black  lines  or  solid  black  tubes 
with  a  bright  white/fluorescent  background  when  viewed  under 
epi-fluorescence  illumination  (Figs.  1  and  2).  The  micro- 
circulation  of  both  highly  metastatic  and  low  metastatic 
mammary  tumors  were  studied  with  this  intravital  protocol. 
It  should  be  noted,  however,  that  special  emphasis  was 
placed  on  studying  the  internal  microcirculation  at  a  depth  of 
250-350  jim  inside  the  solid  tumor  mass. 

The  tumors  to  be  studied  were  exposed  via  a  mid-line 
incision  and  retraction  of  the  skin-fold.  A  still  photograph 
(via  macro-photography)  and  a  short  videotape  sequence  of 
the  tumor  surface  were  taken  to  show  the  external  tumor 
microcirculation  (34-37).  To  study  the  internal  tumor  micro- 
circulation,  focus  of  the  CCD  video-camera  was  aimed  at  the 
inside  of  the  tumor  mass,  250-350  \im  away  from  the  surface, 
via  intravital  microscopy  under  reverse  epi-fluorescence 
illumination.  The  internal  tumor  vessels  literally  appeared  as 
crisp  black  lines  or  tubes  inside  the  bright  fluorescent/white 
tumor  mass  (Figs.  1  and  2).  Videotapes  were  made  for  sub¬ 
sequent  analysis  and  computer-assisted  data  quantitation. 

Data  quantitation/image  analysis.  Videotapes  on  intratumoral 
(internal)  vessels  and  the  microvascular  network  were  coded 
and  studied  blindly.  Each  videotape  was  viewed  in  its  entirety 
on  the  monitor  screen  via  video  playback.  Short  video 
sequences  were  chosen  for  quality  of  the  image  and  micro- 
vascular  features.  Each  chosen  sequence  was  coded  for 
subsequent  blinded  computer-assisted  data  quantitation.  With 
the  utilization  of  the  imaging-board  and  the  application  of  the 
VASCAN  imaging  software,  a  video  frame  from  each  video 
sequence  was  grabbed  and  digitized  (38).  Quantitative 
measurements  of  the  microvascular  characteristics,  including 
vessel  morphometry  and  distribution  density  (utilizing  a  scan 
and  gray  level  trace  algorithm)  and  perfusion  characteristics 
of  the  microvessels  (utilizing  a  120-pm  expansion  algorithm), 
were  generated  and  printed  out  for  interpretation  (38). 

Microvascular  pattem/tortuosity.  The  tortuosity  of  the  internal 
and  external  microcirculation  was  studied  via  analysis  of  the 
videotapes.  The  internal  microvessels  in  Met-1  were  analyzed 
for  tortuosity  and  compared  with  the  external  microvessels  in 
the  same  tumor.  The  internal  microvessels  in  Met-1  were 
also  compared  with  the  internal  micro  vessels  in  Db-7. 


Video  sequences  on  the  internal  microcirculation  of  Met-1 
and  Db-7  and  external  microcirculation  of  Met-1  were  selected 
and  coded.  Each  coded  sequence  was  viewed  and  one  frame 
with  good  resolution  was  chosen,  grabbed  and  digitized.  Two 
arbitrary  points  were  put  on  each  vessel  in  the  frame  to  be 
studied.  By  computer-assisted  imaging,  the  direct  (shortest) 
length  between  the  two  points  was  measured.  Then,  the  actual 
meandering  length  of  the  vessel  from  one  point  to  the  other  was 
also  measured.  The  tortuosity  index,  which  was  an  indicator 
for  the  meandering  path  of  each  vessel,  was  computed  as  the 
shortest  (straight-line)  length  between  the  two  points  in  the 
vessel  divided  by  the  actual  length  of  the  meandering  vessel 
between  the  same  two  points  (shortest  distance/actual  distance). 
The  results  were  used  for  comparison  and  subsequent  statistical 
analysis. 

Microvessel  density  (MVD).  Four  pm  sections  of  the  primary 
tumors  were  cut  and  immunostained  for  a-actin.  Anti-a-actin 
antibodies  (Boehringer  Mannheim  Biotechnology,  Indianapolis) 
were  applied  to  the  4-pm  sections  at  1:200  dilution  and 
counter-stained  using  standard  immunochemistry  staining 
procedures.  The  stained  slides  were  scanned  and  examined 
under  light  microscopy  at  lOOx  to  identify  MVD  hot  spots 
which  were  cross-sections  of  immunostained  microvessel 
clusters  or  segments,  depending  on  the  plane  of  sectioning. 
These  MVD  hot  spots  were  counted  and  expressed  as  No. 
micro  vessels  .per  lOOx  field.  The  magnification  was  switched 
to  200x  and  the  hot  spots  were  again  scored  as  No.  micro¬ 
vessels  per  200x  field.  All  the  slides  were  coded  for  counting. 
Each  slide  was  scored  blindly  and  separately  by  three 
individuals,  and  the  results  were  averaged;  variations  were 
adjudicated  by  these  three  individuals.  The  averaged  scores 
were  tabulated  for  subsequent  statistical  analysis.  A  threshold 
value  was  not  assigned  to  indicate  a  high  or  low  MVD 
score,  Instead,  the  MVD  values  for  the  highly  metastatic 
and  low  metastatic  tumors  were  tabulated  (Table  II)  for 
direct  comparison  and  subsequent  computation  for  statistical 
significance, 

Metastasis.  The  metastatic  capability  of  Met- 1  and  Db-7 
mammary  tumors  was  evaluated  by  histopathology.  The 
lungs,  liver,  spleen,  brain,  kidneys  and  lymph  nodes  of  all  the 
animals  were  collected  and  studied  grossly.  The  collected 
tissues/organs  were  subsequently  processed,  sectioned  (4-}im), 
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Figure  1.  Six  selected  views  of  the  pro-  and  post-transplantation  tumor  microcirculation  of  Met-1  videotaped  under  intravital  microscopy  (magnificaiioit:  xi  .SO). 
A,  A  view  of  a  pre-transplantation  control  showing  the  normal  subcutaneous  microcirculation  at  the  neighboring  site  of  the  fat  pad  into  which  Met- 1  was  to  be 
transplanted.  This  figure  represents  a  view  of  the  nornia!  subcutaneous  microcirculation,  with  the  presence  of  three  (3)  parallel  post-capillary  venules 
(arrows),  and  with  one  (1)  venule  draining  into  a  larger  vein  (marker).  B,  An  internal  view  of  a  transplanted  Met-1  tumor  mass  4-duys  post-iransplantatioii 
The  angiogenic  vessels  appear  as  black  lines  (neovessels)  or  fragmented  black  lines  (sprouts  to  be  joined  to  form  a  neovessel).  The  sprouts  arc  itulicatod  by 
markers.  C  An  internal  view  of  a  transplanted  Met-1  tumor  10-days  post-transplantation,  showing  a  complex  network  of  microvessels  w'iih  aricno-vcuoii.s 
anastomosis.  D,  A  view  of  the  internal  microcirculation  of  Met-1  13-days  post-transplantation,  showing  complex  microvascular  orgainzation  with  tomious 
vessels.  E,  A  view  of  the  external  microcirculation  on  a  Mel-1  tumor  23-days  post-transplantation,  showing  the  straight  external  vessels.  \\  A  \’ie\v  of  }!>e 
internal  microcirculation  inside  the  Met- 1  tumor  mass  (in  the  same  tumor  in  E)  showing  the  complex  and  tortuous  internal  vessels 


on  real  time  or  via  videotape.  The  computer  system  utilized  a 
PC-based  platform  and  was  installed  with  a  data  translation 
model  No.  DT2803  imaging  board. 

The  computer-assisted  quantitation  provided  morphometric 
and  functional  analysis  of  the  tumor  microcirculation  as  the 
software  was  written  to  objectively  measure  25  different  micro- 
vascular  parameters.  In  this  study,  however,  measurements 
were  limited  to  quantitating  morphometric  characteristics, 
microvessel  distribution  and  perfusion  characteristics  of  the 
microcirculation  only.  In  view  of  the  variation  of  microvessel 
density  inside  any  solid  tumor  mass  and  the  heterogeneity  of 
the  intratumoral  microvasculature,  the  ability  to  objectively 
measure  the  microcirculation  uniquely  underscored  the 
significance  of  this  study. 

Methods:  intravital  procedure.  The  tumor  microcirculation 
was  videotaped  under  specialized  intravital  microscopy  (34-37) 
and  the  surface/external  as  well  as  intratumoral/intcrnal 
(250-350  |im  deep)  microcirculation  of  the  solid  mammary 


tumors  (both  Met-1  and  Db-7)  could  be  easily  \  idcolapeu 
(Figs.  1  and  2).  In  this  laboratory,  we  have  four  available 
intravital  microscopy  protocols  to  videotape  tumor  micro 
circulation:  i)  Using  the  dorsal  skin- window  techniciuc  with 
transmitted  illumination  on  an  implanicd  tumor  insitlc  the 
window-chamber,  ii)  Using  lateral  (quartz  rod)  illuminaiioii 
on  the  surface  of  a  transplanted  tumor,  iii)  l.bsing  ep' 
fluorescence  illumination  with  injected  FITC-dcxtran 
(fluorescent/white  microvessels  with  a  dark  gray  background) 
inside  a  transplanted  tumor,  and  iv)  Using  epi-lluorescence 
illumination  with  injected  sodium  fluorescein  (black  micro¬ 
vessels  with  a  fluorescent/white  background)  inside  a 
transplanted  tumor.  We  have  experimented  with  all  four 
protocols,  and  had  attained  the  best  resolution  with  optimal 
depth  penetration  (250-350  \im  inside  the  tumor  mass)  with 
protocol  (iv),  utilizing  intravital  microscopy  coupled  with 
sodium  fluorescein  induced  reverse  epi-illuminalion.  As  a 
small  molecular-sized  fluorescence  dye.  injected  sodium 
fluorescein  leaked  readily  and  profusely  into  cxtravascular 
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Figure  3.  Histological  sections  of  Met-1  and  Db-7  mammary  tumors.  A,  H&E  stained  section  showing  a  typical  Met-1  transplanted  mammary  tumor.  Note  the 
papillary  growth  pattern  with  small  glands  within  the  epithelium.  The  luminal  space  is  filled  with  acellular,  pink  fluid,  and  apical  blebs  appear  above  the 
surface.  Magnification  is  x4(X).  B,  H&E  section  showing  a  typical  Db-7  transplanted  mammary  tumor.  Note  the  presence  of  pleomorphic  cells  with  a  solid 
growth  pattern,  the  absence  of  glandular  differentiation,  and  the  large  number  of  mitotic  figures  (1 1  in  this  field).  Magnification  is  x400. 


Table  1.  Comparison  of  developmental  characteristics  between 
MeM  and  Db-7  mammary  tumors. 


Characteristics 

Met-1 

Db-7 

Histological  pattern 

Glandular 

Lobular 

Pleomorphism 

-1- 

-h-i-i- 

Necrosis 

+ 

++ 

Mitotic  figures 

2.8/hpf 

10/hpf 

Metastasis 

High  - 100% 

Low  -  8.8% 

Pulmonary  metastasis 

Embolism,  invasive 

Embolism 

SBR  score 

4.7 

6.1 

stained  (H&E)  and  studied  microscopically  for  metastasis  by 
a  pathologist. 

Statistics.  Changes  in  variables  were  analyzed  using  ANOVA 
or  Student's  t-test.  A  0.05  significance  level  was  used.  P- values 
lower  than  0.0001  (e.g.  P=4.8xl0‘*’  for  metastatic  incidence, 
P=2xl0  *°  for  tortuosity  index  and  P=9xl0'^  for  MVD)  were 
all  reported  as  P<0.0001  for  simplicity. 

Results 

Met-]  metastatic  tumor.  The  Met-1  metastatic  tumor  line 
formed  moderately  well  differentiated  to  poorly  differentiated 
papillary  adenocarcinomas  when  transplanted  into  either 
orthotopic  (fat  pad)  and  ectopic  (subcutaneous)  sites  (Fig.  3A). 
Sporadic  necrotic  and  hemorrhagic  areas  were  sometimes 
present  inside  the  tumors.  The  histological  grade,  based  on 
the  Scarff-Bloom-Richardson  (SBR)  system  (39),  was  4.7 
for  the  Met-1  tumors  (Table  I).  The  histopathological  pattern 
and  SBR  grade  were  maintained  throughout  all  transplant 
generations  studied.  Mitotic  cells  could  be  seen  in  histological 
sections  (2.8^pf)■ 


Table  II.  Comparison  of  intratumoral  microvascular  chara¬ 
cteristics  between  Met-1  and  Db-7  mammary  tumors. 


Microvascular  characteristics 

Met-1 

Db-7 

Tortuosity  index  (internal  vessels) 

0.41±0.1 

0.78±0.12 

Microvessel  density 
(MVD)  per  lOOx  field 

32.6±12.9 

13.5±6.2 

Microvessel  density 
(MVD)  per  200x  field 

20.2+9.7 

7.6±3.8 

Venule  diameter  ()J.m)- 
23  days  post-transplant 

84.6±7.8 

68.115.4 

Percent  adequately  perfused  area“ 

34.8±8.3‘^ 

18.9±6.5‘^ 

Percent  marginally/ 
inadequately  perfused  area“ 

44.9±19.8‘‘ 

69.4±10.9‘‘ 

Microvessel  surface  area/region^* 

17.4+5.5 

5.3+1. 7 

Microvessel  volume/region^’ 

36.7+7.8 

9,813.2 

Microvessel  length/region^’ 

55.6+10.3 

16.214.5 

“Area  studied,  6.25  mm^;  ‘^Region  studied,  8,53  mm^;  ‘^Subcutaneous 
tissue  control  range,  58-76%;  ‘‘Subcutaneous  tissue  control  range, 
2-11%. 


Transplanted  tumors  in  either  orthotopic  and  ectopic  sites 
were  palpable  4-days  post-transplantation.  The  growth  rate 
of  the  Met-1  tumors  at  the  orthotopic  site,  as  measured  by 
increases  in  tumor  size,  was  twice  that  of  ectopic  site  (data 
not  shown). 

Db-7  low- metastatic  tumor.  The  transplantable  Db-7  tumor 
line  formed  poorly  differentiated  carcinomas  in  either 
orthotopic  and  ectopic  sites  (Fig,  3B).  Similar  to  Met-1  tumors, 
the  growth  rate  of  the  Db-7  tumors  at  the  orthotopic  site  was 


Figure  4.  Comparison  of  the  rate  of  metastasis  (percent  metastasis  over 
time)  from  Met-1  and  Db-7  mammary  tumors.  Each  data  point  was 
calculated  from  the  number  of  animals  found  with  pulmonary  metastasis 
divided  by  the  total  number  of  animals  sacrificed  for  metastasis  during  a 
given  time  period  multiplied  by  100. 


twice  that  of  ectopic  site.  However,  Db-7  exhibited  a  higher 
growth  rate  than  Met-1  in  both  orthotopic  and  ectopic  sites 
(e.g.  growth  rate  for  Db-7  from  5th  day  through  14th  day  was 
twice  Met-1  at  orthotopic  site).  More  necrotic  and  hemorrhagic 
areas  were  seen  inside  the  Db-7  tumors,  and  more  mitotic 
cells  were  present  (10/hpf). 

Metastasis,  Nude  mice  with  either  Met- 1  or  Db-7  orthotopic 
transplants  were  terminated  between  23  and  91  days  after 
tumor  transplantation,  and  organs  and  tissues  were  harvested 
to  evaluate  metastasis. 

Metastatic  foci,  found  only  in  the  lungs,  were  either  uni¬ 
focal  or  multifocal  clusters.  Met-1  gave  rise  to  early  (28  days) 
detectable  pulmonary  metastasis.  At  50  days  post-trans- 
plantation,  the  metastatic  incidence  for  Met-1  was  70%.  The 
metastatic  incidence  rose  significantly  to  90%  by  54  days  and 
100%  after  65  days.  In  contrast,  only  three  of  34  animals 
(8.8%;  P<0.0001)  transplanted  with  the  Db-7  tumor  line 
developed  pulmonary  metastasis  by  the  42nd  day.  In  a 
follow-up  evaluation  involving  nine  nude  mice,  none  kept 
over  42  days  developed  metastases  (Fig.  4). 

The  presence  of  the  PyV-MT  transgene  was  used  to  verify 
the  origin  of  the  pulmonary  foci.  PCR  analysis  confirmed  the 
presence  of  the  PyV-MT  wide-type  and  double-mutant  trans¬ 
genes  in  the  DNA  of  the  Met-1  and  Db-7  tumors,  respectively 
(data  not  shown). 

Angiogenesis  and  tumor  microcirculation.  Control  micro- 
circulation:  the  normal  microcirculation  was  represented  by 
the  pre-transplant  microvascular  network  at  the  transplant 
sites.  Fig.  lA  showed  a  typical  view  of  small  parallel  (non- 
tortuous)  post-capillary  venules  merging  into  a  larger  venule  or 
vein  at  one  of  these  sites.  Transplantation  of  normal  mammary 
ductal  epithelium  into  mammary  fat  pads  of  nude  mice  served 
as  transplantation  control.  Angiogenesis  did  not  appear  in 


the  control  ductal  epithelial  transplant  4-7  days  post-trans¬ 
plantation. 

Met-1  tumor  microcirculation:  angiogenesis  started  in  the 
Met-1  tumor  transplant  1-2  days  post-transplantation.  The 
tumor  microvasculature  could  be  conveniently  divided  into 
two  separate  microcirculations:  a)  the  surface  (external) 
microcirculation,  and  b)  the  intratumoral  (internal)  micro- 
circulation  (up  to  250-350  fxm  inside  the  solid  mammary 
tumors). 

The  external  microcirculation  originated  from  the 
surrounding  subcutaneous  and/or  mammary  fat  pad  vascular 
network(s).  It  consisted  of  varying  numbers  of  supply  arteries 
and  normally  one  to  two  (at  most  three)  drainage  vein(s)  which 
were  detectable  microscopically  by  2-3  days.  This  external 
microcirculation  became  grossly  visible  4-5  days  post-trans¬ 
plantation.  It  started  as  small  neovascular  sprouts  and 
developed  into  a  complex  network  of  vessels  which  spread  to 
envelop  the  entire  surface  of  the  tumor  mass  by  10-23  days 
post-transplantation.  The  external  vessels  maintained  relatively 
straight  paths,  and  increased  in  size  and  organizational 
complexity  with  time. 

The  internal  microcirculation  could  not  be  viewed  or 
videotaped  from  outside  the  opaque  solid  tumor  mass  using 
conventional  brightfield  epi-illumination  microscopy,  but  was 
clearly  visible  using  the  epi-fluorescence  reverse  illumination 
technique  and  specialized  intravital  microscopy  (34-37). 

Using  this  technology,  internal  angiogenic  vessels  could 
be  detected  and  videotaped  two  days  post-transplantation  as 
small,  at  times  incompletely  formed,  neovessels  which  lacked 
active  blood  flow.  By  four  days  post-transplantation,  the 
angiogenic  vessels  increased  in  number  and  in  diameter 
(increased  from  an  average  of  3  jim  to  14  |Lim)  (Fig.  IB) 
(Table  II).  Active  blood  flow  was  observed  four  days  post¬ 
transplantation.  The  internal  microcirculation  went  through  a 
period  of  active  growth  and  rapid  development  between  7 
and  13  days  post-transplantation.  By  23  days,  the  internal 
vessels  reached  an  average  diameter  of  84.6  |im  (Table  II). 
Their  organizational  pattern  became  increasingly  complex; 
arterio-venous  anastomoses  were  present,  and  the  majority  of 
the  internal  vessels  exhibited  tortuous  paths  (Fig.  1C  and  D). 

The  shape,  complexity,  organizational  pattern  and  path  of 
the  internal  microcirculation  differed  from  the  external  surface 
microcirculation  after  seven  days  post-transplantation.  When 
viewed  under  the  intravital  microscope,  branches  of  the  internal 
microcirculation  were  more  complex  and  tortuous  compared 
with  the  external  vessels  which  exhibited  relatively  straight 
paths  (Fig.  IE  and  F).  The  vessel  distribution  was  dense  close 
to  the  surface  of  the  tumor.  Microvascular  distribution  at  the 
interior  of  the  solid  Met-1  tumor  mass  was  heterogeneous; 
when  approaching  the  center  of  the  tumor,  the  microvessels 
were  scattered,  leaving  some  areas  richly  vascularized  with 
clusters  of  tortuous  vessels  and  some  areas  devoid  of  vessels. 

Comparison  of  Met- 1  and  Db-7  microcirculation:  in  the  first 
2-6  days  post-transplantation,  the  microcirculation  in  Met-1 
and  Db-7  was  identical  in  both  time-frame  and  morphometry. 
However,  measurable  differences  began  to  appear  7-10  days 
post-transplantation.  The  diameters  of  the  internal  Met-1 
microvessels  were  larger  than  Db-7  though  the  Db-7  tumors 
grew  at  a  faster  rate.  The  average  diameter  of  Db-7  venules 
hovered  close  to  the  low  range  of  normal  for  Met- 1  in  identical 
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time-frames  (Met-1  average  diameter  (23  days)  =  84.6+7.8  |im; 
Db-7  average  diameter  (23  days)  =  68.1+5.4  jam;  P<0.0001]. 

The  relative  abundance  of  internal  vessels,  the  morpho¬ 
metric  characteristics  and  the  network  organization  were 
also  different  between  Met-1  and  Db-7  (Table  II).  The 
microcirculation  inside  Db-7  tumors  was  less  complex  in 
organization  and  path  (tortuosity). 

Necrotic  areas  inside  the  tumors  could  be  identified  by 
intravital  microscopy  as  zones  of  increased  opacity  and  without 
discrete  cell  outlines.  These  necrotic  zones  were  totally  devoid 
of  functional  vessels.  More  necrotic  areas  were  observed  in  the 
interior  of  Db-7  tumors  than  Met-1  tumors.  As  predicted  by 
these  observations,  scattered  dead  and  fragmented  vessels  were 
found  inside  the  Db-7  tumors,  but  not  inside  Met- 1  tumors,  at 
and  beyond  23-days  post-transplantation.  The  overall  percent 
of  the  Db-7  tumor  which  was  marginally  or  inadequately 
perfused  (38)  was  significantly  greater  than  Met-1  and  normal 
control  (Db-7  =  69.4%;  Met-1  =  44.9%;  subcutaneous  tissue 
control  =  5.6%;  P<0.0001)  (Table  II). 

In  spite  of  the  significant  differences  revealed  in  the  study 
of  the  internal  microcirculation  between  Met-1  and  Db-7,  no 
noticeable  differences  existed  in  their  external  microcirculation. 

Microvascular  pattern  (vessel  tortuosity).  The  external  vessels 
were  relatively  straight  in  their  paths  (Fig.  IE)  while  the 
internal  vessels  were  significantly  more  tortuous  in  Met-1 
(Fig.  ID  and  F).  These  phenomena  were  expressed  as  the 
tortuosity  index  (TI)  (shortest  distance/actual  distance  between 
two  reference  points).  The  straightest  path  would  be  1.0  and 
lower  number  indicate  increasing  tortuosity. 

The  TI  of  the  external  vessels  of  the  Met-1  and  Db-7 
lines  was  not  significantly  different.  However,  the  TI  of  the 
Met-1  internal  vessels  (average:  0.41)  differed  significantly 
(P<0.0001)  from  the  TI  of  the  Met-1  external  vessels  (average: 
0.91)  (Table  II). 

The  internal  vessels  in  Met-1  were  significantly  more 
tortuous  than  Db-7  (Figs.  ID,  F  and  2 A,  B).  The  TI  of  the 
internal  vessels  of  Met-1  (average:  0.41)  differed  significantly 
(P<0.0001)  from  the  TI  of  the  Db-7  internal  vessels  (average: 
0.78)  (Table  II). 

Intratumoral  microvessel  density  (MVD).  Met-1  had  more 
internal  microvessels  per  unit  area  (surface  area/region  = 
17.4±5.5;  volume/region  “  36.7±1.7)  than  Db-7  (surface  area/ 
region  =  5.3+7. 8;  volume/region  =  9.8+3.2).  To  correlate  the 
three-dimensional  in  vivo  quantitation  of  the  internal  micro- 
circulation  in  this  study  with  the  two-dimensional  analysis 
pioneered  by  Weidner  et  al  (13-15),  Gasparini  et  al  (16),  the 
intratumoral  MVD  was  scored  using  histological  sections  of 
the  Met-1  and  Db-7  tumors.  Intratumoral  microvessels  were 
identified  by  immunostaining  (a-actin)  of  the  MVD  hot 
spots.  Microvascular  distribution  inside  solid  tumors  was 
heterogeneous.  The  MVD  hot  spot  clusters  were  present  in 
some  areas  and  absent  in  other  areas.  However,  whenever  hot 
spots  were  located  and  scored,  the  MVD  was  high  in  Met- 1 
and  low  in  Db-7.  The  high  MVD  in  Met-1  (average:  20.2±9.7 
microvessels  per  200x  field  and  32.6±12.9  microvessels  per 
lOOx  field)  differed  significantly  (P<0.0001)  from  Db-7 
(average:  7.6+3. 8  microvessels  per  2()0x  field  and  13.5±6.2 
microvesscls  per  lOOx  field). 


Discussion 

This  report  describes  indices  of  microcirculation  which 
distinguish  between  metastatic  (Met-1)  and  low-metastatic 
(Db-7)  tumor  lines  in  a  new  transplantable  mammary  tumor 
model.  The  model  is  based  on  the  serial  transplantation  of 
primary  tumors  from  animals  bearing  the  PyV-MT  transgene 
promoted  by  the  mouse  mammary  tumor  virus  long  terminal 
repeat  (31).  The  Met-1  line  was  derived  from  the  wild-type 
PyV-MT  transgene  (31).  The  Db-7  was  from  animals  bearing 
the  PyV-MT  with  mutations  at  amino  acids  Y315  and  Y322, 
which  abrogate  the  interaction  with  phosphatidylinositol  3- 
kinase  (32,33).  The  wild-type  Met-1  line  produced  tumors 
that  inevitably  metastasized,  consistent  with  the  primary 
tumors  from  this  transgenic  line  (31).  Although  the  Db-7 
developed  mammary  tumors,  the  Db-7  tumors  metastasized 
at  a  much  lower  rate  than  Met-1  (8.8  vs.  100%,  respectively). 

This  model  system  of  mammary  tumor  metastasis  provided 
an  opportunity  to  compare  the  microvascular  and  cellular 
biology  of  two  closely  related  mammary  tumor  cells  with 
vastly  different  metastatic  potential.  The  model  may  also  be 
the  basis  for  correlating  the  molecular  biology  and  micro- 
circulation  with  metastases.  Some  of  the  many  common 
biological,  clinical  and  microvascular  correlates  thought  to 
be  related  to  metastasis  were  studied  in  the  course  of  this 
investigation. 

The  degree  of  differentiation  is  generally  assumed  to  be 
related  to  the  biological  potential  of  the  tumors.  The  Scarff, 
Bloom  and  Richardson  (SBR)  criteria  are  frequently  used  to 
evaluate  the  differentiation  of  human  breast  tumors  (39). 
Like  many  grading  systems,  the  lower  scores  indicate  better 
differentiation.  Surprisingly,  when  applied  to  the  PyV-MT 
tumors,  the  Met-1  line  scored  lower  in  the  SBR  grading  system 
in  spite  of  its  higher  metastatic  potential.  The  average  SBR 
score  for  Met-1  was  4.7,  while  the  low  metastatic  Db-7  line 
had  an  average  score  of  6.1.  The  metastatic  potential  of  the 
PyV-MT  transgenic  mammary  tumors  was,  thus,  inversely 
related  to  the  degree  of  cytological  differentiation. 

High  growth  rate  has  also  been  considered  a  poor 
prognostic  feature  in  solid  human  tumors.  In  this  study,  the 
low  metastatic  Db-7  line  had  a  higher  growth  rate  than  the 
metastatic  Met- 1  line.  However,  this  difference  might  be 
misleading  because  the  fast  growing,  low  metastatic  Db-7  line 
developed  more  necrotic  sites  than  the  metastatic  Met-1  line. 
Therefore,  the  actual  number  of  viable  cells  per  unit  volume 
could  be  lower  than  Met-1  (compare  Figs.  IF  and  2B].  The 
level  of  necrosis  might  be  a  controlling  factor  for  metastasis 
in  Db-7. 

The  relative  metastatic  potential  of  the  Met-1  and  the  Db-7 
tumors  was  directly  related  to  the  characteristics  of  the 
microcirculation.  Indeed,  this  study  has  conclusively  shown 
that  the  TI  and  MVD  indices  of  the  microcirculation  in  the 
metastatic  Met-1  tumor  line  differed  significantly  (P<0.0(X)1) 
from  the  low  metastatic  Db-7  line,  confirming  the  usefulness 
of  such  indices.  The  extensive  development  of  intratumoral 
microvessels  in  Met-1  could  provide  the  primary  tumors  the 
routes  for  metastasis  (13-16). 

The  previous  experimental  systems  have  been  very  useful 
for  studying  angiogenesis  in  initial  stages  of  tumor  growth  in 
ectopic  sites  (3-6,22,23).  However,  the  tumor  transplants 
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could  only  be  studied  for  the  first  12-20  days  using  these 
systems  (3-6,22,23).  Since  metastasis  rarely  develop  within 
this  short  time-frame,  the  patterns  of  these  early  angiogenic 
vessels  may  not  account  for  the  metastases.  Further,  as  the 
solid  tumors  grow  they  rapidly  become  opaque,  obscuring  the 
internal  microcirculation  and  technically  limiting  studies  to 
the  external  vessels.  Since  the  MVD  studies  suggest  that  the 
intratumoral  vessels  are  the  most  significant  and  only  the 
external  could  be  studied,  the  chamber  type  of  experiment  is 
clearly  limited.  Finally,  many  of  these  models  involved  ectopic 
site  transplantation  instead  of  the  native  orthotopic  site  of  the 
mammary  tumors.  Some  authors  have  suggested  that  ectopic 
transplantation  could  alter  the  biological  potential  of  the 
transplanted  tumor  (29). 

The  combination  of  the  experimental  model  system  and 
experimental  techniques  described  in  this  report  has  overcome 
many  of  the  limitations  described  above.  The  biological 
limitations  were  addressed  by  developing  a  transplant  system 
with  known  biological  potential  that  could  be  studied  as 
orthotopic  as  well  as  ectopic  transplants.  The  technical 
limitations  due  to  tumor  opacity  was  overcome  by  using  a 
novel  system  of  specialized  intravital  microscopy  and 
computer  assisted  image  analysis  with  reverse  epi-fluorescence 
illumination.  The  combination  of  approaches  permits  the 
observation  and  documentation  of  the  intratumoral  or  internal 
microcirculation  at  depths  of  250-350  |im  inside  tumors.  The 
capture  of  the  observed  microcirculation  on  videotape  and  as 
digitized  images  permitted  quantitative  analysis  of  25  different 
parameters  (38). 

Intravital  microscopy  with  reverse  epi-fluorescence 
illumination  allowed  in  vivo  analysis  of  living  tumor  tissues. 
Significant  differences  were  demonstrated  between  the  internal 
tumor  microcirculation  and  the  external  microcirculation.  The 
external  vessels  were  straighter  and  more  uniformly  distributed 
over  the  surface  of  the  tumor.  Significantly,  the  external 
vessels  of  the  two  tumor  lines  were  very  similar  and,  thus, 
did  not  correlate  with  their  metastatic  potential.  However,  the 
internal  microvessels  in  Met-1  were  significantly  denser, 
more  deeply  distributed,  and  more  tortuous  than  those  of  the 
Db-7  (P<0.0001).  Thus,  quantitative  analysis  of  the  internal 
tumor  microcirculation  appeared  to  be  more  important  than 
the  external  microcirculation  for  assessing  metastatic  potential. 

The  meandering  paths  of  the  microvessels  could  be 
measured  and  computed  as  a  tortuosity  index  (TI)  (shortest 
distance/actual  distance  traversed).  It  should  be  noted  that 
TI  for  a  straight  path  is  unity  (1.0).  Increasing  curvature  is 
expressed  as  a  decreasing  proportion  of  unity.  The  TI  of  Met-1 
internal  microcirculation  was  at  least  two  times  lower  than 
that  of  Db-7  indicating  greater  curvature.  The  TI  proved  to  be  a 
highly  significant  value  that  directly  related  to  the  biological 
potential  (metastasis)  of  the  tumor.  The  meandering  path  of  a 
single  microvessel  observed  in  an  in  vivo  three-dimensional 
setting  (Fig.  IF),  because  of  the  plane  of  sectioning,  might 
appear  as  many  individual  cross  sections  of  the  same  vessel. 
Thus,  the  ‘hot  spots’  used  to  calculate  the  MVD  could  represent 
the  number  of  times  a  single  vessel  courses  in  and  out  of  the 
tissue  plane  in  a  two-dimensional  histological  section.  This 
interpretation  suggests  that  the  TI  might  be  a  more  accurate 
mathematical  reflection  of  the  structure  of  tumor  micro- 
circulation.  At  the  very  least,  the  tortuosity  index  should  be 


used  as  the  standard  indices  in  three-dimensional  intravital 
studies  of  the  microvasculature. 

Other  characteristics  of  the  microvasculature,  including 
vessel  size  and  density  (as  measured  by  computer-assisted 
image  analysis)  also  differed  between  Met-1  and  Db-7 
(Table  II).  Db-7  had  smaller,  fewer,  and  shorter  vessels  which 
had  less  surface  area  and  less  vessel  volume  per  unit  area, 
forming  a  more  chaotic,  or  heterogeneous,  micro  vascular  bed. 
This  heterogeneity  was  reflected  in  the  differences  in  the 
percentage  of  area  marginally  perfused  (Table  II).  Using  the 
computer-assisted  imaging  technology  developed  previously 
to  compute  microvascular  perfusion  (38),  the  internal  micro- 
circulation  of  Db-7  was  found  to  have  significantly  more 
marginally/inadequately  perfused  areas  and  much  less 
adequately  perfused  areas  (P<0.0001).  Db-7  also  had  more 
fragmented,  dead  vessels  and  had  necrotic  zones  on  tissue 
sections.  Thus,  the  microcirculation  accurately  reflected  the 
degree  of  viability  of  the  tumor. 

A  high  MVD  has  been  found  to  be  an  independent  variable 
that  correlated  with  poor  prognosis  in  human  breast  cancer 
(13).  The  initial  observations  have  been  confirmed  and 
extended  in  many  studies  (14-16).  However,  these  retrospective 
clinical  studies,  to  our  knowledge,  have  never  been  verified 
experimentally.  The  microcirculation  in  samples  of  the  mouse 
mammary  tumors  was  estimated  using  standard  techniques  to 
count  MVD.  Met-1  tumors  had  consistently  and  significantly 
(P<0.0(X)1)  higher  MVD  than  Db-7  tumors.  Since  the  usual 
parameters  such  as  growth  rate  and  degree  of  differentiation 
of  the  tumors  did  not  correlate  with  metastatic  potential,  the 
MVD  proved  to  be  the  only  histological  variable  studied  which 
correlated  with  the  biological  potential  of  the  two  tumor 
lines.  This  is,  to  our  knowledge,  the  first  direct  experimental 
verification  of  the  relationship  between  internal  tumor  micro- 
circulation  development  and  mammary  tumor  metastasis. 

In  summary,  we  have  described  a  controlled  biological 
model  of  metastatic  mammary  tumors,  a  novel  technique  to 
study  internal  tumor  microcirculation  and  introduced  a  new 
index  (TI)  for  evaluating  patterns  of  microcirculation.  The 
experimental  observations  establish  a  physiological  and 
quantitative  confirmation  of  significant  differences  in  the 
microcirculation  of  highly  metastatic  and  low  metastatic 
tumors.  Since  the  technique  permits  the  observation  and 
quantitation  of  microvascular  dynamics,  we  expect  that  the 
combination  will  provide  valuable  tools  for  the  investigation  of 
the  functions  of  the  microcirculation  not  previously  available. 
Indeed,  such  quantitative  analysis  can  lend  itself  to  the 
discovery  and  description  of  more  subtle  alterations  in  the 
morphometry  and  function  of  the  tumors.  This  technological 
advantage  becomes  crucial  when  studying  internal  vascular 
barriers  to  drug  delivery  (22)  and  in  understanding  and 
interpreting  prognostic  factors,  such  as  TI  and  MVD,  in  human 
translation  (13-16).  The  discovery  of  angiogenic  growth  factors 
and  chemical  modifiers  of  angiogenesis  has  given  hope  that 
neoplastic  progress  may  be  modified  (19-21). 
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The  effect  of  mammary  gland-specific  expression  of  the  polyomavirus  middle  T  antigen  was  examined  by 
establishing  lines  of  transgenic  mice  that  carry  the  middle  T  oncogene  under  the  transcriptional  control  of  the 
mouse  mammary  tumor  virus  promoter/enhancer.  By  contrast  to  most  transgenic  strains  carrying  activated 
oncogenes,  expression  of  polyomavirus  middle  T  antigen  resulted  in  the  widespread  transformation  of  the 
mammary  epithelium  and  the  rapid  production  of  multifocal  mammary  adenocarcinomas.  Interestingly,  the 
m^ority  of  the  tumor-bearing  transgenic  mice  developed  secondary  metastatic  tumors  in  the  lung.  Taken 
together,  these  results  suggest  that  middle  T  antigen  acts  as  a  potent  oncogene  in  the  mammary  epithelium  and 
that  cells  that  express  it  possess  an  enhanced  metastatic  potential. 


The  molecular  basis  underlying  the  ability  of  tumor  cells  to 
metastasize  from  the  primary  site  of  growth  to  other  tissues 
is  a  major  challenge  in  understanding  oncogenesis.  Metasta¬ 
sis  likely  involves  a  complex  interaction  between  tumor 
cells,  the  extracellular  matrix,  adjacent  stromal  cells,  and 
blood  and/or  lymphatic  vessels.  The  products  of  several 
genes  have  been  implicated  as  important  determinants  of  the 
metastatic  potential  of  a  tumor  cell.  These  include  various 
proteases  that  are  thought  to  play  important  roles  in  the 
turnover  of  basement  membrane  components  such  as  colla¬ 
gen,  glycoproteins,  and  proteoglycans.  Evidence  from  a 
number  of  studies  has  suggested  that  the  balance  between 
expression  of  proteolytic  enzymes  and  their  inhibitors  plays 
an  important  role  in  tumor  invasion  (22),  In  addition  to  the 
activation  of  proteases,  metastasis  may  also  involve  altera¬ 
tion  of  cell  surface  determinants  such  as  CD44  (14)  or  the 
function  of  the  intracellular  protein  NM23  (20).  Although  the 
products  of  these  genes  contribute  to  the  overall  metastatic 
phenotype,  the  underlying  causes  responsible  for  their 
deregulation  are  still  poorly  understood.  Ultimately,  metas¬ 
tasis  is  thought  to  result  from  the  aberrant  expression  of 
oncogenes  or  inhibition  of  their  cognate  regulators.  For 
example,  amplification  and  overexpression  of  a  variety  of 
oncogene  products  such  as  Neu/ErbB-2  and  Int-2  have  been 
inversely  correlated  with  relapse  and  survival  of  affected 
cancer  patients  (21,  34). 

While  these  clinical  studies  have  provided  important  in¬ 
sights  into  oncogenesis,  another  usefol  model  that  has  been 
used  to  study  the  role  of  oncogenes  in  tumor  progression  is 
the  transgenic  mouse.  Transgenic  mouse  strains  that  express 
activated  oncogenes  in  a  variety  of  tissue  types  have  been 
generated  by  a  number  of  laboratories  (16).  Although  many 
of  these  strains  develop  heritable  malignancies,  both  the 
kinetics  and  apparent  clonal  nature  of  these  tumors  argue 
that  additional  genetic  events  are  required  for  the  cell  to 
acquire  the  full  malignant  phenotype  (16).  By  contrast  to 
these  observations,  animals  of  one  strain  of  transgenic  mice 
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uniformly  expressing  the  activated  neu  tyrosine  kinase  under 
the  transcriptional  control  of  the  mouse  mammary  tumor 
virus  (MMW)  long  terminal  repeat  (LTR)  develop  adeno¬ 
carcinomas  involving  the  entire  mammary  epithelium  (26). 
Because  these  tumors  arise  synchronously  and  are  poly¬ 
clonal  in  origin,  it  was  concluded  that  the  expression  of  the 
activated  neu  protein  was  sufficient  for  transformation  of  the 
primary  epithelial  cell.  These  observations  suggest  that 
expression  of  activated  neu  tyrosine  kinase  at  a  certain 
threshold  in  the  mammary  epithelium  can  obviate  the  re¬ 
quirement  for  additional  genetic  alterations. 

Another  potent  tyrosine  kinase  activity  that  has  been 
implicated  in  the  genesis  of  murine  mammary  tumors  is  that 
associated  with  the  polyomavirus  (PyV)  middle  T  antigen. 
Infection  of  newborn  or  nujnu  mice  with  PyV  results  in  the 
formation  of  a  number  of  epithelial  and  mesenchymal  tumor 
types  of  which  mammary  adenocarcinomas  represent  a 
significant  proportion  (4,  12,  37).  Genetic  analyses  of  PyV- 
mediated  tumorigenesis  has  shown  that  a  functional  middle 
T  antigen  is  required  for  tumor  induction  (17).  The  potent 
transforming  activity  of  middle  T  antigen  is  dependent  on  its 
association  with  a  number  of  cellular  proteins.  For  example, 
there  is  compelling  evidence  that  middle  T  specifically 
associates  with  and  activates  the  tyrosine  kinase  activity  of 
a  number  of  c-src  family  members  (c-5tc,  c-yes,  and^n)  (5, 
7,  11,  18,  19).  Furthermore,  formation  of  this  complex 
appears  to  be  critical  for  middle  T  antigen  to  transform  cells 
(9).  In  addition  to  association  with  tyrosine  kinases,  middle 
T  antigen  is  also  known  to  interact  with  the  85-kDa  subunit 
of  the  phosphatidylinositol  3 '-kinase  (10,  40),  and  this  asso¬ 
ciation  is  also  required  for  its  transforming  activity  (37). 
More  recently,  stable  complexes  between  protein  phos¬ 
phatase  subunits  A  (regulatory)  and  C  (catalytic)  and  middle 
T  antigen  have  also  been  detected  (27,  39).  However,  the 
role  of  such  complexes  in  oncogenesis  is  unknown. 

Given  the  ability  of  PyV  middle  T  antigen  to  affect  signal 
cell  proliferation  through  a  number  of  signal  transduction 
pathways,  we  assessed  its  oncogenic  potential  in  the  mam- 
maiy  gland.  To  accomplish  this,  we  directed  the  expression 
of  the  middle  T  antigen  to  the  mammary  epithelium  by 
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isolating  transgenic  mice  carrying  an  MMTV-PyV  middle  T 
antigen  fusion  gene.  Expression  of  middle  T  antigen  in 
several  independent  transgenic  strains  resulted  in  the  syn¬ 
chronous  appearance  of  multifocal  tumors  involving  all 
mammary  glands.  Because  these  tumors  occurred  early  in 
mammary  gland  development  and  affected  all  transgenic 
animals,  expression  of  the  middle  T  oncogene  appears  to 
result  in  rapid  conversion  of  the  mammary  epithelium  to  the 
transforined  state.  Interestingly,  a  majority  of  the  middle  T 
transgenic  mice  developed  multiple  metastases  in  the  lung. 
The  multifocal  nature  of  these  tumors  and  the  high  incidence 
of  metastatic  disease  observed  in  these  strains  have  impor¬ 
tant  implications  for  understanding  the  molecular  basis  of 
tumor  progression. 

MATERIALS  AND  METHODS  . 

DNA  constructions.  To  derive  the  pMMTV  MT  construct, 
plasmid  pmT165  (9)  bearing  the  cDNA  encoding  the  PyV 
middle  T  antigen  (bounded  by  nucleotides  154  to  1560)  (38) 
was  cleaved  with  HindlW  and  EcoRI  and  inserted  into 
corresponding  Hindlll  and  EcoRl  sites  of  the  PA-9-derived 
expression  vector,  pMMTV-SV40.  The  latter  construct  was 
established  by  first  inserting  the  PstUo-BamKl  fragment 
bearing  the  simian  virus  40  (SV40)  small  t  splicing  and 
polyadenylation  signal  from  CDM8  (32)  into  the  correspond¬ 
ing  sites  in  plasmid  Bluescript  KS  (Stratagene)  and  then 
cloning  the  MMTV  LTR  containing  Sall-io-Hindlll  frag¬ 
ment  derived  from  plasmid  pMMTV  neuNT  (26)  into  the 
corresponding  sites  of  Bluescript  KS.  The  3-casein  ribopro- 
tection  probe  was  obtained  from  J.  Rosen  and  was  cloned  as 
a  205-bp  Pstl  fragment  in  plasmid  pSP64  (Promega).  The 
PyV  middle  T  riboprotection  probe  pSP65mT  (HA)  was 
obtained  from  J.  Hassell  and  contains  a  203-bp  Hindlll-to- 
Accl  fragment  of  the  PyV  early  region  (PyV  nucleotides  165 
to  368)  (35)  inserted  into  the  Hindlll  and^ccl  sites  of  pSP65 
(Promega).  Finally,  the  internal  control  plasmid  rpL  32 
27.3.7,  obtained  from  M.  Shen,  encodes  an  Xholhto-Dral 
fragment  of  the  mouse  ribosomal  gene  L32  inserted  into  the 
corresponding  sites  of  plasmid  Bluescript  KS.  All  plasmids 
were  isolated  as  described  previously  (33). 

Generation  and  identification  of  transgenic  mice.  DNA  was 
prepared  for  microinjection  by  digestion  with  4  U  each  of 
Sail  and  Spel  per  pg  for  1.5  h.  The  DNA  was  electro- 
phoresed  through  a  1%  agarose  gel  and  purified  as  described 
previously  (33).  FVB  female  mice  (Taconic  Farms,  German¬ 
town,  Pa.)  were  mated  with  FVB  males  the  night  before 
injection.  After  isolation  of  the  fertilized  one-cell  mouse 
embryos,  the  pronuclei  of  these  zygotes  were  injected  with 
0.5  to  1  pi  of  DNA  solution  (5  itg/ml).  Following  microinjec¬ 
tion,  viable  eggs  were  washed  once  in  M2  medium  (29a)  and 
transferred  to  the  oviducts  of  pseudopregnant  Swiss-Web- 
ster  mice  (Taconic  Farms).  To  identify  transgenic  progeny, 
genoinic  DNA  was  extracted  from  a  1.5-cm  tail  clipping  as 
described  by  Muller  et  al.  (26).  The  nucleic  acid  pellet  was 
resuspended  in  100  p,l  of  distilled  water  at  an  approximate 
DNA  concentration  of  1  jig/ml,  and  15  pi  of  the  DNA 
solution  was  digested  with  30  U  of  BamHl  for  1.5  h.  After  gel 
electrophoresis  and  Southern  blot  transfer  (36),  the  Gene- 
Screen  filters  (Dupont)  were  hybridized  with  a  PyV  middle  T 
cDNA  probe  radiolabelled  with  [a-^^PldCTP  by  random 
priming(13). 

Expression  data.  RNA  was  isolated  from  tissues  by  the 
procedure  of  Chir^in  et  al.  (8),  using  the  CsCl  sedimenta¬ 
tion  gradient  modification.  RNA  yield  was  determined  by 
UV  adsorption  at  260  nm  after  dissolving  in  sterile  HjO. 


RNA  probes  were  made  with  either  the  Bluescript  (Strata¬ 
gene  Inc.,  San  Diego,  Calif.)  or  pGEM  vectors,  and  RNase 
protection  assays  were  performed  as  described  by  Melton  et 
al.  (23),  using  10  pg  of  total  cellular  RNA  per  assay. 

In  vitro  kinase  analyses.  In  vitro  kinase  assays  were 
conducted  as  described  by  Aguzzi  et  al.  (2).  Tissue  samples 
were  ground  to  a  fine  powder  by  using  a  pestle  and  mortar 
cooled  with  liquid  nitrogen  and  were  lysed  with  20  mM  Tris 
(pH  8.0)--150  mM  NaCl-1%  Nonidet  P-40-2.5  mM  EDTA-1 
mM  sodium  orthovanadate-10  mM  NaF-1%  aprotinin-lO 
mM  leupeptin;  500  pg  of  total  protein  and  1  pg  of  rat 
polyclonal  3A1  (24)  were  incubated  for  1  h  at  4°C  and  then 
incubated  with  30  pi  of  protein  A-Sepharose  beads  for  an 
additional  hour.  After  five  washes  with  TNE  (50  mM  Tris, 
150  mM  NaCI,  1%  Nonidet  P-40,  2  mM  EDTA),  the  beads 
were  resuspended  in  25  pi  of  kinase  buffer  (20  mM  morpho- 
linenropanesulfonic  acid  [pH  7.0],  5  mM  MgCl2,  5  pCi  of 
[y-^^PJATP)  and  incubated  at  30°C  for  20  min.  Following  a 
wash  with  1  ml  of  TNE,  the  beads  were  resuspended  in  50  pi 
of  sample  buffer  (10  mM  Tris  [pH  6.8],  2%  sodium  dodecyl 
sulfate  [SDS],  10%  glycerol,  5%  3-mercaptoethanoI)  and 
electrophoresed  on  10%  SDS-polyaciylamide  gels. 

Histological  evaluation.  Complete  autopsies  were  per¬ 
formed  as  described  by  Muller  et  al.  (26).  Tissues  were  fixed 
in  4%  paraformaldehyde,  blocked  in  paraffin,  sectioned  at  5 
pm,  stained  with  hematoxylin  and  eosin,  and  examined  as 
indicated  in  the  legend  to  Fig.  3. 

RESULTS 

Generation  of  MMTV-PyV  middle  T  antigen  mice  and  tissue 
specifidfy  of  transgene  expression.  To  derive  transgenic  mice 
expressing  PyV  middle  T  antigen  in  the  mammary  gland,  a 
cDNA  encoding  PyV  middle  T  antigen  (38)  was  inserted  into 
an  MMTV  LTR  expression  vector  (Fig.  LA).  The  MMTV 
component  was  derived  from  plasmid  PA9  (15),  whereas  the 
SV40  transcriptional  processing  signals  at  the  3*  end  of  the 
cDNA  were  obtained  from  plasmid  CDM8  (32).  To  ensure 
that  the  MMTV/middle  T  antigen  recombinant  was  biologi¬ 
cally  active,  the  transforming  potential  of  the  fusion  gene 
was  first  assessed  by  transfection  into  Rat-1  cells.  As  ex¬ 
pected,  this  construct  was  capable  of  transforming  Rat-1 
cells  in  the  presence  of  supplemented  glucocortocoids  (data 
not  shown).  Before  this  plasmid  was  microinjected  into 
one-cell  mouse  embryos,  plasmid  sequences  were  released 
by  digestion  with  Sail  and  Spel  (Fig.  lA).  After  injection  of 
mouse  ^gotes,  seven  transgenic  founder  animals  (MT#121, 
MT#196,  MT#235,  MT#634,  MT#654,  MT#668,  and 
MT#670)  were  generated.  With  the  exception  of  the  two 
founder  animals  MT#235  and  MT#196,  both  of  which  failed 
to  transmit  the  transgene,  the  founders  passed  the  transgene 
to  their  progeny  in  a  Mendelian  fashion. 

To  assess  the  tissue  specificity  of  transgene  expression,  10 
pg  of  total  RNA  isolated  from  a  variety  of  tissues  was 
subjected  to  RNase  protection  analyses.  As  shown  in  Fig. 
IB,  the  probe  yields  a  203-base  protected  fragment  corre¬ 
sponding  to  the  5^  portion  of  the  middle  T  cDNA.  To  ensure 
that  approximately  equal  amounts  of  RNA  from  all  organs 
were  analyzed,  an  antisense  probe  from  the  mouse  ribo¬ 
somal  protein  L32-4A  (kindly  provided  by  M.  Shen)  was 
included  in  each  hybridization  reaction  as  an  internal  con¬ 
trol.  Representative  results  from  these  RNase  protection 
analyses  are  shown  for  the  MT#634  line  in  Fig.  IB.  Both 
male  and  female  carriers  derived  from  this  line  developed 
extensive  mammary  tumors  with  early  onset  (Table  1). 
Female  transgenic  mice  expressed  high  levels  of  the  trans- 
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FIG.  1,  Structure  of  transgene  and  tissue  specificity  of  transgene 
expression.  (A)  Transgene  structure.  The  unshaded  region  repre¬ 
sents  the  sequences  within  the  Bluescript  vector  backbone,  the 
striped  portion  contains  the  MMTV  LTR  derived  from  plasmid  pA9 
(15),  the  filled  region  corresponds  to  an  inert  region  derived  from  the 
original  pA9  vector,  the  stippled  region  contains  the  cDNA  encoding 
the  PyV  middle  T  antigen,  and  the  adjacent  cross-hatched  region 
contains  the  transcriptional  processing  sequences  derived  from  the 
SV40  early  transcription  unit.  Relevant  restriction  sites  and  tran¬ 
scription  start  site  (indicated  by  the  arrow)  are  also  shown.  (B)  RNA 
transcripts  corresponding  to  the  MMTV/middle  T  transgene  in 
various  organs  of  the  MT#634  transgenic  strain.  Tissues  were 
derived  from  a  multiparous  MT#634  female  at  119  days  of  age  (MT 
5268)  and  an  MT#634  male  at  119  days  of  age  (MT  2833).  The 
antisense  probe  used  in  this  RNase  protection  analysis  (shown  at  the 
bottom)  protects  a  203-nucleotide  fragment  marked  by  MT  and  an 
arrow.  Nucleotide  numbers  refer  to  the  PyV  early-region  nucleotide 
sequence  (35).  Also  shown  is  the  RNase  protection  analysis  with  an 
antisense  probe  directed  against  the  mouse  L32  ribosomal  gene.  The 
L32  probe  protects  a  278-nucleotide  fragment  and  is  marked  by  L32 
and  an  arrow.  A  lower  band  is  also  consistently  observed  in  these 
RNase  protections  with  the  L32  probe. 


gene  product  in  the  mammary  tumors,  with  lower  levels 
detected  in  the  ovaries  and  salivary  glands.  Interestingly,  in 
older  (2  to  3  months)  female  transgenic  animals,  middle  T 
transcripts  were  also  detected  in  the  lungs  (Fig.  IB  and  4B). 
This  lung-specific  ejqjressidn  was  not  observed  in  younger 
animals  and  is  correlated  with  the  appearance  of  multifocal 
lung  metastases  (sec  Fig.  4A).  Male  transgene  carriers 
expressed  high  levels  of  the  fusion  gene  in  mammary  tumors 
and  lung  metastases,  whereas  lower  levels  were  detected  in 
the  salivary  glands  and  epididymis. 

The  tissue  specificity  of  transgene  expression  was  also 
assessed  for  the  remaining  six  transgenic  animals  of  MMTV/ 
middle  T  antigen  mice  by  using  the  same  RNase  protection 
probe.  As  shown  in  Table  1,  variable  levels  of  transgene 
expression  were  noted  in  mammary  glands  of  female  trans¬ 


genic  mice  derived  from  the  MT#121,  MT#668,  MT#654, 
and  MT#670  lines.  Among  the  different  female  transgenic 
animals,  considerable  variation  in  both  the  amount  and  the 
temporal  pattern  of  transgene  expression  was  observed.  For 
example,  transgene  transcripts  were  readily  detected  in  the 
mammary  glands  derived  from  virgin  female  carriers  of  the 
MT#634  and  MT#668  lines.  By  contrast,  at  least  two 
pregnancies  were  required  in  order  to  detect  similar  levels 
of  transgene  expression  in  the  MT#121,  MT#654,  and 
MT#670  strains  (Table  1).  As  observed  with  the  other 
transgenic  strains,  the  appearance  of  these  tumors  was 
strictly  correlated  with  the  expression  of  the  transgene.  With 
the  possible  exception  of  the  MT#196  transgenic  founder, 
which  developed  mammary  tumors,  a  seminal  vesicle  neo¬ 
plasm,  and  hemanginomas,  the  lower  amounts  of  middle  T 
antigen  RNA  observed  in  the  various  tissues  were  not 
associated  with  any  apparent  growth  disturbance. 

To  confirm  that  these  transcripts  encoded  a  functional 
middle  T  antigen,  tissue  extracts  derived  from  the  mammaiy 
glands  of  several  of  these  transgenic  lines  were  subjected  to 
in  vitro  kinase  assays  using  polyclonal  antisera  directed 
against  middle  T  antigen.  As  a  consequence  of  PyV  middle  T 
antigen’s  ability  to  associate  with  and  activate  a  number  of 
the  sre  tyrosine  kinases,  the  middle  T  protein  becomes 
autophosphoiylated  on  tyrosine  residues  in  vitro  (5,  7,  11, 
18,  19).  As  illustrated  in  Fig.  2,  a  prominent  56-kDa  phos- 
phorylated  band  was  observed  in  lanes  incubated  with  the 
middle  T-specific  antisera.  Because  the  band  observed  in  the 
tumor  extracts  comigrated  with  middle  T  antigen  derived 
from  a  Rat-1  cell  line  expressing  middle  T  antigen,  these 
observations  suggest  that  the  tumor  extract  possesses  mid¬ 
dle  T-associated  kinase  activity.  Incubation  of  the  extracts 
with  a  nonspecific  control  antibody  (mouse  immunoglobulin 
G)  resulted  in  the  appearance  of  a  background  phosphoiy- 
lated  band  that  is  present  in  all  lanes.  Consistent  with  the 
results  of  these  in  vitro  kinase  assays.  Western  immunoblot 
analyses  also  showed  the  presence  of  56-kDa  middle  T 
protein  in  these  tumors  (data  not  shown).  Together,  these 
results  indicate  that  the  MMTV/middle  T  transgene  in  these 
strains  associates  with  an  active  tyrosine  kinase  in  the 
mammary  epithelium. 

Expression  of  the  PyV  middle  T  antigen  in  the  mammary 
epithelium  results  in  the  generation  of  multifocal  mammaiy 
tumors.  Elevated  expression  of  middle  T  antigen  in  the 
mammary  glands  of  transgenic  mice  had  dramatic  conse¬ 
quences.  In  three  of  the  five  characterized  transgenic  lines, 
high  levels  of  transgene  expression  were  initially  associated 
with  the  inability  of  female  carriers  to  nurse  their  young.  In 
addition,  the  MT#235  founder  animal  displayed  an  inability 
to  lactate.  In  two  of  these  transgenic  lines  (MT#634  and 
MT#668),  this  phenotype  was  apparent  during  the  initial 
pregnancy,  but  the  MT#121  strain  demonstrated  the  nursing 
defect  only  after  multiple  pregnancies.  Although  there  was 
some  variation  between  these  strains  with  respect  to  appear¬ 
ance  of  .this  phenotype,  the  inability  to  nurse  was  closely 
correlated  with  the  onset  of  transgene  expression  (data  not 
shown).  By  comparison  with  virgin  female  normal  mammary 
tissue  (Fig.  3A),  whole-mount  examination  of  virgin  female 
mammary  tissue  from  the  MT#634  strain  (3  weeks  of  age) 
revealed  the  presence  of  multiple  mammaiy  adenocarcino¬ 
mas  (Fig.  3B).  These  tumors  were  generally  highly  fibrotic, 
with  dense  connective  tissue  separating  individual  nests  of 
tumor  cells  (Fig.  3C).  By  5  weel«  of  age,  all  female  carriers 
from  the  MT#634  {n  =  35)  and  MT#668  (n  =  4)  line^  had 
developed  palpable  mammaiy  tumors  (Table  1)  that  involved 
the  entire  mammary  fat  pad  (Fig.  3C).  The  multifocal  ap- 
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TABLE  1.  Transgene  expression  and  onset  of  tumors  in  MMTV/middle  T  mice" 
Expression  in: 


M,gl. 


Sal 


MT#121 

F 

+  +  + 

M 

- 

MT#196 

M 

+  +  + 

(founder) 

MT#235 

F 

+  +  + 

(founder) 

MT#634 

F 

+  +  + 

M 

+  +  + 

MT#654 

F 

+  +  -j- 

M 

MT#668 

F 

+  +  -I- 

MT#670 

F 

+  +  + 

M 

- 

+ 

+ 

+ 

+  + 


SV 


Epi 


Onset  of  tumor 
formation  (days) 


Tumor  type(s) 


+ 

+ 

94  ±  18  («  =  20) 

M.gl.  adenocarcinoma 

_ 

— 

NA 

No  tumor 

+ 

+  + 

ND 

ND  25  {n  =  1) 

Adenocarcinoma  of  M.gl. 

and  seminal  vesicles. 

hemangiomas 

+ 

70  (n  =  1) 

M.gl.  adenocarcinoma 

+  + 

+ 

34  ±  6  (/I  =  35) 

M.gl.  adenocarcinoma 

+ 

+ 

83  ±  20  (/I  =  20) 

M.gl.  adenocarcinoma 

+ 

175  ±6S{n=  2) 

M.gl.  adenocarcinoma 

— 

— 

NA 

No  tumor 

+  -I-  + 

“ 

36  ±  2  (rt  =  3) 

M.gl.  adenocarcinoma 

+ 

155  {n  =  1) 

M.gl.  adenocarcinoma 

_ 

— 

NA 

No  tumor 

V  iT  t  r  loiat  KINA  isolated  from  a  variety  of  organs  in  the  MMTV/middle  T  strains  as  described  in  Materials 

“qv  of ‘fansgCTO  expression  are  indicated  by  +  (low),  ++  (intermediate),  and  +  +  +  (high).  M.gl.,  mammary  gland;  Sal,  salivary  gland- 
Lfe  weTtumoJ^Sg  »PP'‘“>>le;  ND.  not  determined; «,  number  of  animals  anal^ed.  All  transgenic  mice 

*  F,  female;  M,  male. 


pearance  of  mammaiy  tumors  in  these  strains  was  not 
dependent  on  pregnancy,  because  virgin  female  carriers 
displayed  an  identical  tumor  phenotype.  The  appearance  of 
mammary  tumors  in  the  MT#121  line  was  closely  correlated 
with  the  delayed  onset  of  transgene  expression,  where  50% 
of  female  carriers  at  risk  developed  tumors  by  94  days  (Table 
1).  Despite  the  delayed  kinetics  of  tumor  formation,  all 
multiparous  MT#121  female  carriers  developed  mammary 
tumors  that  eventually  involved  the  entire  mammaiy  fat  pad. 

Male  transgenic  mice  {n  =  17)  derived  from  the  MT#634 
strain  also  developed  mammaiy  adenocarcinomas  with  100% 
penetrance,  albeit  with  delayed  onset  (Table  1).  The  appear¬ 
ance  of  mammaiy  tumors  in  male  transgenic  mice  is  consis¬ 
tent  with  resujte  obtained  with  both  male  MMTVA'-Ha-ra.y 
and  MMTV/activated  c-neu  transgenic  mice  (26, 33)  and  may 
result  from  e:?^ression  of  the  oncogene  in  the  male  mammary 
epithelium  prior  to  its  normal  regression.  By  contrast,  male 
transgenic  mice  derived  from  the  MT#121  strain  did  not 
develop  mammary  tumors,  perhaps  because  of  delayed 


MT-RAT  RAT  MT#634  MT#121  MT#668 


FIG.  2.  Evidence  that  mammaiy  tumors  derived  fiom  the 
MMTV/middle  T  antigen  strains  possess  middle  T-associated  ty¬ 
rosine  kinase  activity.  Shown  are  in  vitro  kinase  activities  of 
mammaiy  tumor  extracts  derived  from  multiparous  female  MT#634 
(MT  5524,  76  days  old),  MT#121  (MT  765,  154  days  old),  and 
MT#6^  (MT  5532,  85  daj^  old)  carriers  incubated  with  polyclonal 
rat  antiserum  directed  against  middle  T  antigen  (+)  or  nonspecific 
antibody  (-).  Also  included  are  a  negative  control  with  Rat-1  (RAT) 
fibroblasts  and  a  positive  control  with  middle  T-transformed  Rat-1 
(K^-RAT)  fibroblasts.  The  56-kDa  phosphorylated  middle  T  antigen 
is  indicated  at  the  left  (MT). 


onset  of  transgene  expression.  Both  the  rapid  kinetics  and 
the  global  nature  of  the  tumor  phenotype  exhibited  by  these 
MMTV/middle  T  transgenic  mouse  strains  suggest  that 
expression  of  middle  T  antigen  at  appropriate  levels  can  lead 
to  transformation  of  the  mammary  epithelium. 

The  middle  T  oncogene  induces  metastatic  disease.  As 
shown  in  Table  1,  transgene  expression  was  noted  in  the  lung 
tissue  of  older  individuals  derived  from  the  MT#634, 
MT#668,  MT#654,  MT#670,  and  MT#121  lines.  Histolog¬ 
ical  examination  of  lung  tissue  derived  from  MT#634, 
MT#668,  MT#654,  and  MT#121  transgenic  mice  revealed 
the  presence  of  multiple  foci  of  metastatic  mammaiy  adeno¬ 
carcinomas  lodged  in  the  lung  parenchyma  (Fig.  3D  and  4A). 
By  contrast  to  the  primary  mammary  tumors,  the  pulmonaiy 
metastases  contained  little  or  no  connective  tissue  separat¬ 
ing  nests  of  tumor  cells  (compare  Fig.  3C  and  3D).  Because 
lung  tissue  was  not  obtained  from  MT#235  and  MT#196 
founder  animals,  it  was  not  possible  to  assess  whether 
middle  T  antigen  expression  observed  in  the  lung  was  the 
result  of  metastatic  disease.  The  extent  of  metastatic  in¬ 
volvement  in  these  lines  was  particularly  remarkable  with 
respect  to  both  its  degree  and  penetrance  (Fig.  3D  and  4A). 
For  example,  in  the  MT#634  strain,  94%  of  tumor-bearing 
females  developed  metastatic  disease  by  3  months  of  age. 
Male  MT#634  tumor-bearing  animals  also  developed  meta¬ 
static  disease,  albeit  with  lower  penetrance  (80%).  Similar 
proportions  of  the  MT#121  (90%)  and  MT#668  (100%) 
tumor-bearing  animals  also  developed  metastatic  disease 
during  a  3-month  observation  period.  Consistent  with  these 
observations,  metastatic  foci  could  be  detected  in  either  the 
lymphatic  or  the  lung  tissue  after  transplantation  of  the 
primary  tumors  from  the  tumor-bearing  MMTV/middle  T 
transgenic  animals  into  the  fat  pads  of  normal  syngeneic 
recipients  (data  not  shown). 

While  these  histological  observations  strongly  suggested 
that  the  tumors  in  the  lung  were  of  mammary  origin,  further 
molecular  analyses  with  mammaiy  gland-specific  probes 
were  performed  to  establish  this  point.  The  metastatic  nature 
of  these  lung  tumors  was  confirmed  by  assessing  whether 
these  tumors  were  capable  of  expressing  mammaiy  differen¬ 
tiation  markers  such  as  p-casein.  Using  a  probe  directed  to 
the  5*  end  of  the  milk  gene  p-casein,  RNase  protection 
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FIG.  3.  Histopathology  of  MMTV/middle  T  transgenic  mice.  (A)  Photomicrograph  of  a  hematoxylin-stained  whole  mount  of  the  mammary 
fat  pad  of  a  wild-type  virgin  mouse  at  3  weeks  of  age  showing  normal  growth  and  development.  Magnification,  x  16.  (B)  Photomicrograph  of 
a  hematoxylin-stained  whole  mount  of  the  mammary  fat  pad  of  an  MT#634  virgin  transgenic  female  (MT  907)  at  21  days  of  age.  Compare  with 
panel  A.  Note  the  irregular  formation  of  side  branches,  enlarged  terminal  buds,  and  two  large  multilobular  tumor  masses  (arrows). 
Magnification,  xl6.  (C)  Photomicrograph  of  a  sclerosing  mammary  adenocarcinoma  from  a  middle  T  transgenic  multiparous  female  mouse 
(MT#634  at  110  days).  Note  the  dense  connective  tissue  separating  the  attenuated  cords  of  poorly  differentiated  mammary  tumor  cells.  This 
pattern  is  typical  of  these  transgenic  mice.  Magnification,  x87.  (D)  Photomicrograph  of  the  lungs  of  the  same  mouse  showing  multiple 
metastases.  Note  that  the  tumor  cells  form  well-defined  acinar  structures,  with  very  little  stroma  separating  the  epithelium.  Also  note  that  the 
tumor  cells  are  intra-alveolar  rather  than  intravascular,  indicating  growth  outside  of  the  vessels.  Magnification,  x87. 


experiments  were  conducted  on  total  RNA  derived  from 
both  primary  and  lung  tumors  (Fig.  4B).  Both  the  primary 
mammary  tumor  and  lung  metastases  from  the  MT#634, 
MT#668,  and  MT#121  lines  expressed  moderate  levels  of 
p-casein  transcripts.  By  contrast,  RNA  derived  from  normal 
lung  tissue  was  completely  devoid  of  any  detectable  p-casein 
mRNA.  Taken  together  with  the  histological -observations, 
these  results  demonstrate  that  expression  of  middle  T  anti¬ 
gen  in  the  mammary  epithelium  leads  to  the  development  of 
metastatic  disease. 
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FIG.  4.  Evidence  that  expression  of  the  middle  T  oncogene 
results  in  metastatic  mammary  adenocarcinomas.  (A)  Lung  tissue 
isolated  from  both  MT#634  and  FVB  control  animals.  Note  the 
extensive  metastatic  mammary  tumors  located  throughout  the  lung 
tissue  of  the  multiparous  MT#634  female  carrier  (MT  5579)  at  122 
days  of  age.  (B)  RNase  protection  with  control  and  transgenic 
tissues  with  probes  directed  to  p-casein,  middle  T,  and  the  L32 
ribosomal  internal  control.  The  control  tissues  were  isolated  from 
the  mammary  glands  of  normal  FVB  mice  and  of  4-day  (lane  4)-  and 
12-day  (lane  12)-pregnant  mice,  as  well  as  from  normal  lung  tissue 
(lane  L).  Transgenic  tissues  derived  from  multiparous  female 
MT#634  (MT  5579,  122  days),  MT#121  (MT  5183,  130  days),  and 
MT#668  (MT  5532,  85  days)  carriers  include  primary  breast  tumors 
(lanes  BT)  and  corresponding  lung  metastases  (lanes  LM).  The 
205-nuclcotide  protected  fragment  for  p-cascin,  the  203-nucleotide 
protected  fragment  for  middle  T  transcript  (MT),  and  the  278- 
nucleotide  protected  fragment  for  the  L32  ribosomal  control  are 
indicated  by  arrows. 


DISCUSSION 

Analysis  of  the  transforming  properties  of  the  PyV  middle 
T  oncogene  in  the  mammary  epithelium  provides  important 
insight  into  the  process  of  malignant  progression.  In  four 
independent  strains  of  MMTV/middle  T  transgenic  mice, 
expression  of  the  transgene  ultimately  resulted  in  the  uni¬ 
form  mo^hological  transformation  of  the  mammary  epithe¬ 
lium.  Virgin  female  transgenic  mice  derived  from  the 
MT#634,  MT#235  founder,  and  MT#668  strains  developed 
multifocal  adenocarcinomas  as  early  as  3  weeks  of  age  (Fig. 
3B).  Both  the  simultaneous  occurrence  of  these  tumors  and 
their  multifocal  nature  suggest  that  the  expression  of  middle 
T  oncogene  is  sufficient  for  mammary  epithelial  cell  trans¬ 
formation. 

The  potent  oncogenic  potential  of  middle  T  antigen  in  the 
mammary  gland  is  further  supported  by  the  results  obtained 
with  the  MT#121  transgenic  strain.  In  this  particular  trans¬ 
genic  line,  mammary  gland-specific  expression  of  the  middle 
T  transgene  was  not  detected  until  several  pregnancies  had 
occurred  (data  not  shown).  However,  once  transgene 
expression  was  observed,  these  animals  developed  multifo¬ 
cal  mammary  adenocarcinomas  that  eventually  involved  the 
entire  mammary  fat  pad.  Conceivably,  the  difference  in  the 
kinetics  of  transgene  ejq)ression  among  the  various  trans¬ 
genic  strains  could  be  influenced  by  the  site  of  integration  of 
the  transgene.  For  example,  variations  in  both  the  spatial 
and  temporal  patterns  of  transgene  expression  were  also 
observed  in  transgenic  mice  bearing  either  the  MMTV/ 
activated  c-neu  transgene  (26)  or  an  elastase  promoter- 
activated  ras  fusion  gene  (29),  Moreover,  the  short  latency 
between  transgene  expression  and  widespread  morphologi¬ 
cal  transformation  of  the  mammary  epithelium  further  ar¬ 
gues  that  progression  from  a  normal  epithelial  cell  to  a  tumor 
cell  in  these  mice  requires  few,  if  any,  additional  genetic 
events. 

Consistent  with  this  conclusion,  previous  studies  of  PyV 
middle  T  antigen  in  transgenic  and  chimeric  mice  have 
shown  similar  rapid  tumor  kinetics.  For  example,  expression 
of  the  middle  T  oncogene  under  its  own  promoter  or  the 
Moloney  murine  leukemia  virus  promoter  in  transgenic  mice 
results  in  disseminated  endothelial  tumors  (3,  41).  In  the 
latter  case,  these  hemaginomas  resulted  in  embryonic  lethal¬ 
ity  due  to  early  onset  of  expression  of  middle  T  antigen. 
Because  these  endothelial  tumors  were  polyclonal  in  nature 
and  appeared  coincident  with  the  first  appearance  of  yolk  sac 
endothelial  cells,  it  was  proposed  that  middle  T  antigen  acted 
as  a  single-step  oncogene  (41).  However,  because  these 
tumors  could  potentially  recruit  normal  endothelial  cells  to 
the  hemaginoma,  it  was  not  clear  whether  all  constituent 
cells  were  morphologically  transformed  (42).  In  another  set 
of  experiments,  transgenic  mice  expressing  the  middle  T 
oncogene  in  neuronal  or  epithelial  tissues  resulted  in  the 
formation  of  multiple  neuroblastomas  or  carcinomas  (2,  30). 
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However,  because  these  transgenic  animals  exhibited  pre- 
neoplastic  lesions  prior  to  the  onset  of  tumor  formation, 
additional  genetic  events  were  likely  required. 

The  rapid  tumor  progression  observed  in  the  middle  T 
oncogene  transgenic  mice  contrasts  with  the  observations 
made  by  a  number  of  laboratories  with  transgenic  mice 
bearing  activated  oncogenes.  For  example,  multiple  genetic 
events  appear  to  be  required  for  malignant  progression  in 
transgenic  mice  expressing  oncogenes  such  as  the  SV40 
large  T  antigen  gene,  c-myc,  v«Ha-ray,  or  c-fos  in  a  variety  of 
different  tissue  types  (I,  6,  31,  33).  However,  it  has  recently 
been  reported  that  animals  of  one  transgenic  strain  of  mice 
carrying  the  activated  neu  gene  under  the  transcriptional 
control  of  the  MMTV  LTR  develop  polyclonal  mammary 
tumors  without  the  need  for  a  second  event  (26).  It  is 
interesting  that  both  the  activated  neu  and  I^V  middle  T 
oncogenes  are  associated  with  constitutive  tyrosine  kinase 
activities  that  are  refractory  to  normal  cellular  regulation. 
Determination  of  whether  the  powerful  tissue-specific  trans¬ 
forming  activity  exhibited  by  these  oncogenes  reflects  the 
sensitivity  of  the  mammary  epithelial  cell  to  a  common 
tyrosine  kinase  signal  transduction  pathway  awaits  further 
analyses. 

W^ile  the  molecular  basis  for  the  potent  transforming 
activity  exhibited  by  the  middle  T  oncogene  is  unclear,  it  is 
conceivable  that  deregulations  of  multiple  signal  transduc¬ 
tion  pathways  through  its  association  with  the  sre  family  of 
tyrosine  kinases,  the  phosphatidylinositol  3'-kinase,  and 
phosphatase  2A  individually  contribute  to  the  overall  trans¬ 
formed  phenotype.  Indeed,  Py  V  middle  T  antigen  molecules 
impaired  in  their  ability  to  deregulate  either  of  these  path¬ 
ways  display  a  pronounced  reduction  in  the  ability  to  trans¬ 
form  cells  in  vitro  or  to  induce  tumors  in  animals  (9,  37), 
Future  experiments  directed  toward  activating  each  of  these 
signal  transduction  pathways  individually  in  the  mammary 
gland  should  allow  this  question  to  be  addressed. 

The  unexpected  finding  that  expression  of  the  middle  T 
antigen  was  closely  associated  with  pulmonary  metastases 
may  provide  important  insight  into  the  metastatic  progres- 
sioii.  By  contrast  to  other  MMTV/oncogene-bearing  trans¬ 
genic  mice  in  which  metastasis  is  a  relatively  rare  occurrence 
(28),  nearly  all  tumor-bearing  MMTV/middle  T  transgenic 
terriers  thus  far  analyzed  developed  metastatic  disease.  It  is 
likely  that  these  metastatic  tumors  originate  from  the  pri¬ 
mary  mammary  tumors  because  they  still  retain  the  capacity 
to  express  mammary  markers  such  as  p-casein.  Consistent 
with  this  conclusion  is  the  observation  that  transplantation 
of  these  primaty  mammary  tumors  into  the  fat  pad  of 
syngeneic  recipients  resulted  in  metastasis.  The  metastatic 
tumors  were  restricted  to  the  lung  and  do  not  appear  to  seed 
other  tissue  sites.  These  metastatic  foci  appear  to  lodge  in 
the  vessels  and  grow  by  local  expansion  and  invasion.  The 
apparent  specificity  of  these  metastases  to  the  lung  may 
simply  reflect  the  ability  of  the  fine  capillary  beds  of  the  lung 
to  trap  tumor  emboli  that  have  entered  the  bloodstream. 
Alteniatively,  the  process  of  metastasis  in  this  system  may 
exhibit  target  specificity,  perhaps  mediated  through  the 
expression  of  ligand-specific  cell  adhesion  molecules  or  the 
presence  of  a  locally  produced  growth  factor.  Given  the 
penetrance  of  metastatic  disease  observed  in  these  lines,  it  is 
conceivable  that  middle  T  is  activating  cellular  genes  that  are 
involved  in  metastatic  progression.  Because  the  Py  V  middle 
T  tumors  exhibit  elevated  proteolytic  activity  (unpublished 
observations),  genes  encoding  various  members  of  the  pro¬ 
tease  family  and  their  inhibitors  may  be  potential  down¬ 
stream  targets  of  the  PyV  middle  T-associated  tyrosine 


kinase.  In  fact,  endothelial  cells  expressing  PyV  middle  T 
antigen  express  high  levels  of  urokinase  plasminogen  activa¬ 
tor  and  low  levels  of  its  cognate  inhibitor  (PAI-1)  (25), 
Determination  of  whether  a  similar  proteolytic  imbalance  is 
responsible  for  the  metastatic  phenotype  observed  in  the 
PyV  middle  T  strains  awaits  further  analysis. 
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